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Abstract 


With  the  reeinergencs  of  interest  in  air-breathing 
hypersonic  propulsion,  scramjet  inlet  efficiency  has  become  an 
area  of  concern.  The  impingement  of  the  engine  cowl  shock 
near  the  shoulder  (expansion  corner  between  forebody  and 
combustor)  may  cause  boundary  layer  separation  which  reduces 
inlet  efficiency.  Tangential  mass  injection  (TMI)  upstream  of 
the  shoulder  has  recently  been  tested  to  control  this 
separation  but  without  much  parametric  evaluation.  To  resolve 
this  deficiency;  a  2-D  scramjet  inlet  model  with  variable 
length,  cowl,  and  TMI  was  built  and  tested  in  the  WL  Mach  6 
High  Reynolds  Number  Facility.  Parameters  varied  were 
boundary  layer  thickness,  TMI  flow  rate,  cowl  position,  cowl 
and  shoulder  angle,  and  slot  to  s.houlder  distance.  The 
optimum  slot  location  was  determined  by  finding  the  minimum 
injection  flow  rate  required  to  eliminate  separation  for  each 
configuration  and  analyzing  the  trends.  The  test  results, 
along  with  a  simplified  mixing  theory  based  on  maximizing  the 
jet/freestream  wake  mass  flux,  indicated  that  the  optimum  slot 
location  was  5-6  slot  heights  upstream  of  the  shoulder. 
However,  this  result  was  somewhat  obscured  by  the  observation 
that,  when  the  cowl  shock  impinged  closer  to  (but  downstream 
of)  the  slot  or  aft  of  the  shoulder,  less  mass  injection  was 
required  to  eliminate  separation.  A  typical  TMI  rate  for 
controlling  the  shock-induced  separation  in  these  regions  was 
3-6%  of  the  inlet  captured  mass  flow.  c  ' 
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OPTIMIZATION  OF  TANGENTIAL  MASS  INJECTION  FOR 


MINIMIZING  FLOW  SEPARATION  IN  A  SCRAMJET  INLET 


1.  INTRODUCTION 


When  a  shock  wave  interacts  with  a  boundary  layer,  often 
the  result  is  flow  separation  from  the  body.  This  is  a  source 
of  turbulence  and  buffeting  on  wings  with  transonic  flow 
regions.  In  supersonic  and  hypersonic  engine  inlets,  it  can 
be  the  cause  of  inlet  buzz,  inlet  unstart,  or  even  engine 
flameout.  Thus,  a  method  to  suppress  separation  and  its 
undesirable  effects  is  required  for  efficient  operation. 


Background 

Many  methods  have  beer,  proposed  to  control  this  boundary 
layer  separation.  They  fall  into  two  categories  (1:211). 
Some,  such  as  wall  cooling,  vortex  generators,  boundary  layer 
bleed,  and  tangential  mass  injection,  act  on  the  boundary 
layer  upstream  of  the  shock  interaction  region.  Others, 


including  wail  transpiration,  passive  suction/ i.njcct ion,  and 
boundary  layer  removal,  act  in  the  shock  impingement/ 
separation  zone.  The  most  common  technique  used  in 
supersonic  inlets  has  been  boundary  layer  bleed. 

The  hot,  thick  boundary  layer  characteristic  of  a 
hypersonic  vehicle  renders  many  of  these  techniques 
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impractical  for  controlling  the  cowl  shock-induced  separation 
in  a  scramjet  inlet  (see  Figure  1).  For  instance,  boundary 
layer  bleed  is  inappropriate  as  the  high  temperature  and  large 
volume  required  for  bleed  ducts  simply  cannot  be  afforded  in 
terms  of  cooling,  space,  and  weight  (2:1).  In  fact,  other 
ingestion  techniques  (i.e.  passive  suction/injection  and 
boundary  layer  removal)  are  not  feasible  for  the  same  reason. 
Likewise,  vortex  generators  are  susceptible  to  high  heating 
effects  and  have  been  found  to  have  little  effect  in 
controlling  shock-induced  separation  (:^:15).  Although  wall 
cooling  and  transpiration  will  likely  be  used  for  hypersonic 
vehicle  thermal  protection,  neither  shows  great  promise  for 
reducing  flow  separation  in  a  scramjet  inlet  (4) .  This  leaves 
tangential  mass  injection  (also  known  as  tangential  slot 
injection,  upstream  wall  jet  blowing,  and  boundary  layer 
energ  .. atiun)  as  the  most  logical  choice  for  hypersonic  shock- 
viscous  control. 

Summary  of  Current  Knowledge 

Numerous  applications  have  been  identified  for  tangential 
mass  injection  (TMI)  into  an  external  stream:  thermal 
protection,  fuel  injection,  skin  friction  reduction,  and 
boundary  layer  control  (5:1).  TMI  has  been  widely  used  in  the 
form  of  film  cooling  in  combustors,  afterburners,  and  rocket 
nozzles  (6:981).  Consideration  has  been  given  to  injecting 
hydrogen  fuel  on  the  ramp  of  a  scramjet  inlet  for  premixing  in 
order  to  reduce  the  combustor  length.  Heilala  found  that 
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Flow  Separation  at  the  Inlet  Shoulder  of  a  Typical  Hypersonic  Vehicle 


injecting  helium  (as  a  hydrogen  substitute)  at  an  angle  of  5°- 
20°  from  the  tangential  produced  the  best  mixing  and  inlet 
performance  efficiencies  (7:viii).  TMI  has  also  been  used  on 
the  wings  of  supersonic  aircraft  to  reduce  friction  and 
separation,  thus  allowing  higher  angles  of  attack  and  greater 
lift  (8:380,  9:725)  . 

With  so  many  applications,  TMI  has  been  the  subject  of 
numerous  studies.  Gilreath  and  Schetz  found  that,  for 
supersonic  injection,  certain  mixing  zone  properties  and  wave 
patterns  can  be  predicted  by  simple  inviscid  theory  without 
accounting  for  the  viscous  effects  near  the  wall  (10:610). 
Schetz  also  concluded  that  whether  the  flow  is  subsonic  or 
supersonic  is  not  an  important  factor  in  nixing  analysis 
(11:183),  but  that  the  boundary  layer  shape  does  have  a  strong 
influence  (12:41).  Schetz,  et  al  speculated  that  the 
injection  kinetic  energy  need  not  be  greater  than  that  of  the 
freestream  to  reduce  separation  downstream,  as  long  as  the 
post-injection  boundary  layer  was  turbulent  where  without 
injection  it  was  laminar  (12:37).  Finally,  Schetz,  et  al 
developed  a  computer  model  for  TMI  in  a  hypersonic  flow  which 
accounts  for  the  effects  of  pressure  mismatch,  turbulent 
mixing,  skin  friction,  and  heat  transfer  (13:1). 

The  area  of  shock  wave/boundary  layer  interaction  has 
also  received  a  great  deal  of  attention.  Holden  has  compiled 
a  vast  number  of  experimental  results  showing  that  the  extent 
of  separation  induced  by  a  compression  corner  ramp  is  roughly 
similar  to  that  induced  by  an  incident-reflecting  oblique 
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shock  given  the  same  degree  of  total  flow  turning  (14:18-19). 
Holden  noted  that  the  incipient  separation  point  of  a 
turbulent  boundary  layer  is  difficult  to  pin  down  due  to  the 
unsteadiness  of  the  tlow  (14:4).  Delery  and  Marvin  recognized 
that  the  separation  extent  is  reduced  by 

1)  increasing  the  Mach  number, 

2)  decreasing  the  shock  angle,  or 

3)  decreasing  the  Reynolds  number  of  the  flow  based  on 
boundary  layer  thickness,  Re^,  when  it  is  less  than  10* 

(15:75)  .  Delery  also  pointed  out  a  stronger  incident  shock  is 
needed  to  separate  a  turbulent  boundary  layer  than  a  laminar 
boundary  layer  (16:9-11). 

Many  have  also  investigated  the  combination  of  TMI  used 
to  control  shock  wave/boundary  layer  interaction,  such  as 
Alzner  and  Zakkay  (17),  Grin  and  Zakharov  (IR),  and  Lakshmi- 
kantha,  et  al  (19).  However,  these  studies  were  for  ramp 
induced  separation  not  typical  of  a  acramjet  inlet. 

Some  have  even  attempted  to  optimize  the  location  of  TMI 
for  reducing  separation  -  albeit  for  low  supersonic  speeds  and 
again  for  geometries  not  typical  of  a  scramjet  inlet.  Peake 
Conducted  a  Kach  1.8  experiment  with  an  oblique  shock 
impinging  on  a  flat  surface  (20:7-8).  He  found  that  the 
optimum  length  between  the  TMI  slot  and  the  impinging  shock 
was  bounded  by  the  two  extremes  shown  in  Figure  2.  If  the 
slot  was  too  close  to  the  shock,  then  a  "wake  flow  reversal" 
or  "bursting"  occurred  between  the  external  and  injection 
streams  causing  a  drastic  increase  in  turbulence.  On  the 
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Figure  2.  Velocity  Profiles  fo*-  a)  Slot  too  Close  to  Shock, 
b)  Slot  too  Fir  from  Shock  (Ref.  1) 

other  hand,  if  the  slot  was  too  far  from  the  shock,  a  new 
boundary  layer  formed  between  the  ]et  and  tne  wall  which 
eventually  separated  upon  reaching  the  shock.  Peake  found 
that  the  optimum  position  for  the  slot  was  six  times  the 
initial  boundary  layer  thickness  upstream  of  the  shock 
impingement.  In  a  later  experiment,  Viswanath,  et  al 
determined  that  TMI  was  more  effective  if  placed  in  the 
separated  region  (21:726),  However,  this  was  based  on  ramp- 
induced  separation. 

Despite  an  earlier  investigation  by  Soviets  Ogorodnikov, 
et  al  (22)  ,  only  recently  h.is  serious  consideration  been  given 
to  applying  TMI  for  a  scram  jet  inlet  geometry  with  an 
impinging  shock  wave  in  the  vicinity  of  an  expansion  corner 
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(or  shoulder) .  Under  the  sponsorship  of  the  National 
Aerospace  Plane  (HASP)  Joint  Program  Office,  White,  et  al 
conducted  two  experiments  with  a  2-D  scram jet  inlet  mode) 
(2,24).  In  the  first  series  of  tests.  White  observed  that 
blowing  was  effective  if  the  slot  was  positioned  upstream  of 
the  separation  (see  Figure  3)  but  that  downstream  or  "shock 
foot"  blowing  was  ineffective  (23) .  Indeed  this  is  just  the 
opposite  result  that  Viswanath,  et  al  (21)  found  for  rarap- 
induced  separation.  White,  et  al  also  determined  that  an 
injection  mass  flow  rate  of  4%  to  5%  of  the  inlet  captured 
mass  flow  would  eliminate  separation  in  the  shoulder  region 
for  freestream  Mach  numbers  of  4  and  5  (2:5),  but  they  ran 

into  inlet  starting  problems  due  to  the  contraction  ratio  at 
Mach  3  (2:8).  The  second  experiment,  performed  jointly  with 
General  Dynamics,  covered  Mach  numbers  of  6,8,  and  10  (24:1). 
At  Mach  6,  White  discovered  that  a  minimum  injection  rate  of 
2.5%  of  inlet  mass  capture  was  needed  to  avoid  inlet  unstart 
(24:1-8).  Injection  improved  not  only  the  separation  effects 
but  also  inlet  starting,  maximum  contraction  ratio,  pressure 
recovery,  and  stability  of  the  terminal  shock  system  past  the 
shoulder.  However,  at  Mach  8  and  10,  TMI  had  little  effect  on 
separation  or  other  performance  parameters  (24:1).  'White 
speculated  the  natural  boundary  layer  momentum  was  high  enough 
to  overcome  any  adverse  pressure  gradients  at  this  high 
freestream  Mach  regime.  Neither  of  these  two  experiments 
involved  variation  of  the  TMI  to  shoulder  distance.  However, 
White,  et  al  did  make  the  following  conclusion: 
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igure  3,  Location  of  TMI  Slot  fcr  Effective  Control 


An  experimental  test  program  complemented  by  numerical 
investigations  indicate  that  the  position  of  the  injector 
with  respect  to  the  boundary  layer  separation  point  is 
an  important  factor  in  the  effectiveness  of  the 
injection.  (2:8) 


Problem 

There  are  several  problems  associated  with  shock-induced 
separation  in  a  scramjet  inlet.  First,  it  can  cause  the  inlet 
to  unstart  and  lead  to  flameout.  If  an  unstart  occurs  at  the 
higher  flight  Mach  numbers,  severe  structural  damage  to  the 
engine  or  vehicle  could  result  (25:23).  Second,  separation 
can  reduce  the  effective  engine  intake  area  and,  thus, 
available  mass  flow.  with  less  mass  captured,  scramjet 
performance  is  degraded.  Another  problem  is  that  the 
separated  flow  may  never  reattach.  Separated  flow  is 

certainly  undesirable  for  fuel  injection  mixing  in  the 
combustor.  If  the  boundary  layer  does  reattach,  the  local 
wall  heat  transfer  rate  can  be  severe  (16:9-3).  Perhaps,  the 
root  of  the  problem  with  separation  is  the  shock/expansion 
waves  it  creates  (26).  These  effects  are  detrimental  to  the 
shock  system  stability  and  efficiency  of  a  scramjet  inlet. 
Figure  4  illustrates  that  when  the  cowl  shock  hits  forward  or 
aft  of  the  shoulder,  separation  may  result.  Theoretically, 
there  is  no  separation  for  "shock  on  the  shoulder"  (i.e.  exact 
wave  cancellation  exists) .  A  movable  cowl  lip  may  be  employed 
to  produce  this  nominal  condition;  however,  a'^  '  disturbance 
would  cause  the  shock  impingement,  to  miss  the  shoulder.  A 
momentary  drop  in  thrust  may  result  as  the  response  time  of 
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One  of  tbe  priodpal  coocmts  in  the  design  of  bypenooic  inlets  is  tbe  impingement 
of  cowl  reOccted  comptcsiioa  waves  on  tbe  relatively  duck  boundaiy  layen  generated  on 
fbe  long  coRipteasioa  surfaces.  The  figure  shows  that  when  this  shock  strikes  eitber 
upstteam  or  downtieaa  of  tbe  comer  of  tbe  compressioo  surface  tbe  pressure  rise  is 
esaeobally  doubled  Cousequenily.  separabon  is  likely  and  undesited  stwck-expansioo 
wave  paoems  are  fontyed  By  placing  tbe  wave  M  tbe  comer,  caocellatioo  is  possible, 
aepantioa  can  be  pravented  and  shock  loss  minimized.  When  the  inlet  roust  operate  over 
a  beofd  Mach  rumber  range  variable  geofnetry  must  be  employed  to  provide  the  desired 
wave  caDceUaUoc.  Several  metboda  are  possible  includiisg  cowl  rotation,  axiid  translation, 
radial  trsmlatiou,  or  loaM  combiDatioa  of  tbeae.  Radial  translahon  can  he  desigrred  to 
provide  tbe  dual  (unctioo  of  wa\«  caDceUatioo  and  modulation  of  tbe  inlet  cootractioo 
ratio. 


Figure  4.  Effect. of  Shock  Impingement  Location  (Ref.  26) 
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the  cowl  can  never  be  zero.  Thus,  a  method  is  sought  by  which 
separation  can  be  eliminated  for  such  off-design  conditions. 

If  TMI  is  to  be  used,  the  primary  issue  involves  the 
location  of  the  tangential  injection  slot.  Since  this  would 
most  likely  have  a  fixed  position  on  the  vehicle,  it  would 
have  to  be  chosen  based  on  its  effectiveness  over  the  entire 
range  of  the  flight  envelope.  This  range  entails  different 
Mach  numbers,  altitudes,  and  angles  of  attack.  Roughly 
speaking,  the  different  altitudes  correspond  to  different 
Reynolds  numbers  and,  thus,  boundary  layer  thicknesses.  In 
addition,  the  different  Mach  numbers  and  angles  of  attack 
correspond  to  various  cowl  shock  angles  and  impingement 
locations . 

Another  issue  is  the  magnitude  of  mass  injection  required 
to  e)iminate  the  separation.  Of  course,  this  would  vary 
depending  on  the  extent  and  location  of  separation  present  at 
any  particular  instant.  The  solution  to  this  problem  would  be 
integrated  into  the  design  of  the  computer-controlled  valve 
regulating  the  TMI  flow  and  the  total  amount  of  injectant 
fluid  a  vehicle  would  need  to  carry  for  a  given  mission. 


Objectives 

The  primary  objective  of  this  experimental  investigation 
was  the  determination  of  the  optimum  TMI  location  for  an  inlet 
Mach  number  of  6.  Tnis  corresponded  to  a  flight  Mach  number 
of  approximately  8  for  the  12®-15°  range  of  inlet  ramp  angles 
tested.  Parameters  varied  were  boundary  layer  thickness,  S,  i 
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cowl  deflection  angle,  0,  flow  turning  angle  at  the  shoulder, 


a,  slot-to-shock  impingement  distance,  slot-to-shoulder 
distance,  and  TMI  flow  rate,  m^i^,  (see  Figure  5)  .  The 
optimum  slot  distance  upstream  of  the  shoulder  was  determined 
based  solely  on  minimizing  the  separation  area  with  the 
smallest  quantity  of  TMI  flew  rate.  Other  factors  which  may 
influence  the  actual  design  location  include  optimization  over 
the  flight  envelope,  limits  of  cowl  scheduling  response,  and 
fuel  injection/thermal  protection  considerations. 

A  secondary  objective  was  to  determine  the  optimum  TMI 
flow  rate  for  each  test  condition.  The  optimum  was  deemed  as 
the  minimum  blowing  rate  (or  controlling  mass  injection  rate) 
necessary  to  eliminate  separation.  Operating  at  the 
controlling  mass  injection  rate  minimizes  the  amount  of 
secondary  fluid  injectant  that  a  vehicle  would  need  to  carry 
while  maximizing  engine  performance.  By  determining  values  of 
this  TMI  flow'  rats  under  various  test  conditions,  trends  were 
identified  for  boundary  layer  thickness,  cowl  deflection 
angle,  and  cowl  shock  impingement  position. 


The  parameters  investigated  in  this  project  were  varied 
over  a  range  of  values  that  could  be  related  to  actual  flight 
conditions  and  vehicle  configurations.  The  boundary  layer 
thickness  was  varied  by  adjusting  the  freestream  stagnation 
pressure  of  the  wind  tunnel,  and  the  6  range  corresponded  to 
an  altitude  range  of  80,000  to  100,000  ft.  The  cowl  shock 
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Figure  6.  Side  View  of  Model  and  Flow  Structure  with  Variables 


angle  range  provided  for  a  3°  variation  in  angle  of  attack. 
The  flow  turning  angle  at  the  shoulder  was  tested  at  12°  and 
15°.  The  shock  position  was  varied  from  LsHK/i^uR"^- 5  to  1.C5, 
The  slot-to-shoulder  distance  range  was  10-25  slot  heights  (2 
in  to  5  in) .  Finally,  the  TMI  flow  rate  was  varied  from  0  to 
15%  of  the  inlet  captured  mass  flow  rate. 

Other  factors  that  may  influence  the  extent  and  control 
of  the  separation,  their  values  in  the  present  experiment,  and 
the  reason  they  were  not  varied  in  this  effort  include: 

1)  freestream  Mach  number,  -  tunnel  had  fixed  geometry 

throat  and  nozzle, 

2)  injection  Mach  number,  Mj=3  -  TMI  nozzle  not  variable, 

3)  freestream  total  temperature,  To-1000°R  -  varied  slightly 
during  some  runs  but  was  not  totally  controllable  and  had 
a  relatively  small  range  for  tunnel  operation, 

4)  injection  total  temperature,  Toj=530°R  -  heater/cooler  not 
available  for  TMI  fluid  supply, 

5)  TMI  fluid,  air  -  easier  to  compare  with  other  experiments 
and  no  other  fluid  supply  readily  available, 

6)  TMI  slot  height,  h=0.20  in  -  TMI  nozzle  not  variable, 

7)  cowl  height,  c=2,0  in  -  probably  not  an  independent  factor 

(contraction  ratio  was  varied  from  1.3  to  1.6), 

8)  impingement  zone  wall  temperature,  T*=700°R  -•  difficult  to 
control;  varied  during  run  as  model  heated  up,  and 

9)  wall  skin  friction,  Cj*?  -  perceived  as  only  a  minor 
influence  on  separation  and  very  difficult  to  m.easure  or 
vary. 
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Additionally,  this  project  did  not  model  the  inlet 
throat/combustor  interface  or  sometimes  called  the  isolator 
duct.  In  order  to  avoid  tunnel  blockage  and  facilitate  inlet 
self-starting,  the  cowl  length  was  reduced  and,  therefore,  did 
not  extend  past  the  throat.  As  a  result,  its  function  became 
that  of  a  shock  generator.  This  isolator  section  is  thought 
to  only  have  a  secondary  effect  on  the  separation. 

The  wind  tunnel  model  was  also  limited  to  2-D.  Sidewalls 
vvould  only  have  increased  the  tunnel  blockage  and  added 
complexity  to  the  flow  analysis.  Likewise,  no  pre-compression 
ramp  was  used  to  keep  blockage  to  a  minimum. 

Finally,  no  effort  was  made  to  determine  inlet  efficiency 
(in  terms  of  either  kinetic  energy  or  pressure  recovery). 
This  would  have  required  delicate  and  expensive  instrument¬ 
ation  and  may  not  have  yielded  realistic  results  since  the 
thtodt  section  was  not  properly  modelled. 
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II.  THEORY 


Three  separate  analyses  were  considered  from  a 
theoretical  standpoint  (see  Figure  6) .  First,  a  method  based 
on  experimental  ramp-induced  incipient  separation  data  was 
developed  to  determine  the  extent  of  separation  for  a  given 
flow  condition  and  inlet  geometry.  Then  a  control  volume 
analysis  would  be  iteratively  applied  to  determine  what  jet 
total  pressure,  p^^,  was  required  to  just  eliminate  separation. 
Finally,  for  the  controlling  p^^.  an  injection  mixing  analysis 
would  be  employed  to  determine  the  optimum  location  of  the 
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Figure  6.  Overview  of  Theoretical  Analysii 
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slot  with  respect  to  the  shoulder.  In  the  end,  the  first  two 
analyses  had  to  be  abandoned  due  to  the  inability  to  account 
for  boundary  layer  shape  factor,  H,;^,  changes.  Nevertheless, 
these  two  sections  are  included  as  Appendices  A  and  B  with  the 
hope  that  future  researchers  will  be  able  to  utilize  them  once 
shape  factor  influence  is  known. 

Injection  Mixing  Analysis  Model 

With  the  abandonment  of  the  separation  and  control  volume 
analyses,  this  mixing  analysis  was  performed  for  a  range  of 
injection  total  pressures  instead  of  the  controlling  p^. .  As 
it  turned  out,  the  optimum  slot  location  as  theorized  here 
remained  fairly  constant  with  varying  p^.^ ,  so  the  other  two 
analyses  were  not  critical  for  determining  slot  location. 

Based  on  the  bounds  suggested  by  Peake  (20),  it  is 
proposed  that  the  optimum  distance  of  the  slot  from  the  shock 
impingement  is  the  downstream  length  required  for  the  mass 
flux  of  the  wake  flow  from  the  slot's  top  nozzle  surface  to 
become  maximized.  Figure  7  shows  that  this  distance  best 
avoids  the  wake  bursting  phenomenon  while  keeping  the  new 
boundary  layer  growth  of  the  jet  to  a  minimum.  Now  since  the 
shock  is  nominally  expected  to  impinge  on  the  shoulder,  this 
length  is  chosen  as  the  optimum  slot-to-shoulder  distance. 

To  model  the  mixing  of  the  freestream  boundary  layer  and 
the  jet  stream,  a  superposition  method  proposed  by  Carriere 
and  Eichel brenner  (27:209-213)  was  investigated.  They 
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Figure  7.  Theoretical  Optimum  Slot-to-Shoulder  Distance 

considered  the  velocity  profiles  of  the  two  streams  as  if  they 
acted  independently,  maintaining  their  shape  downstream,  but 
expanding  at  growth  rates  observed  experimentally  with  both 
streams  present.  Then,  they  simply  added  the  two  profiles  to 
obtain  the  flow  velocity  at  any  x,y  position. 

This  approach  was  adapted  for  compressibility  by  using 
mass  flux  (pu)  profiles  instead  of  velocity  profiles.  This 
better  satisfies  the  conservation  of  mass,  especially  for 
supersonic/hypersonic  velocities.  Another  adaption  was  the 
incorporation  of  a  boundary  layer  entrainment  into  the  jet 
flow  as  proposed  by  Schetz,  et  al  (13).  Figure  8  displays  the 
freestream  and  jet  stream  models  used  in  the  present  analysis. 
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Figure  8.  Freestream  and  Jet  Stream  Models 


Turbulent  flow  was  assumed  for  both  streams.  The  common 
velocity  profile  of  the  form 


was  used  for  the  freestream  boundary  layer  and  the  top  and 
bottom  halves  of  the  jet.  Previous  experimental  data  for 
hypersonic  flov/  over  a  flat  plate  (28)  indicated  that  the 
density  profile  through  a  boundary  layer  could  be  approximated 
by 


P.  = 


Pi 


T, 


(1 


(2) 


which  was  also  adapted  for  the  top  and  bottom  parts  of  the  jet 
as  shown  in  the  Appendix  C  Assumed  Profiles  section.  From 
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Figure  8  and  Equation  (2)  it  is  realized  that  fictitious  walls 
should  be  considered  for  temperature  along  the  lines  labelled 
Sj  and  Sj.  As  a  first  order  approximation,  the  nev.  was 
assumed  to  be  the  temperature  of  the  opposite  stream  that  the 
slope  line  was  cutting  through.  This  temperature  v;as  derived 
by  assuming  constant  pressure  through  the  boundary  la^er  and 
by  combining  the  eq'.iation  of  state  and  Equation  (2)  to  give 
the  general  form  of 


T  = 


T, 


(3) 


Now,  by  the  conservation  of  mass 

^81  =  Pttii  =  constant 

for  any  x  station  of  the  freestream.  See  Appendix  C  for  the 
equivalent  jet  stream  development. 


Stream  Growth  Rates 

To  integrate  these  equations,  appropriate  assumptions 
must  bvi  made  about  the  growth  rates  or  limits  of  each  stream. 
It  is  commonly  accepted  that  the  growth  rates  for  turbulent  2- 
D  mixing  zones  and  planar  jets  are  linear  wich  x  (2y:t>i2;i. 
Several  investigators  have  reported  values  for  these  slopes. 
Carriers  and  Eichelbrenner  found  that  the  boundary  layer  grows 
at  the  same  rate  as  the  wall  jet  with  s,-Sj=0.1  and  s^=0.01 
(27:211).  Walker,'  et  al  observed  that  Sj=»-0.0&7  for  <S=sh  and 
slight  overexpansion  (5:13),  while  Gilreath  and  Schetz 
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observed  S2=-0.071  (10:2153).  Some  have  found  that  the  jet 
growth  rate  is  equal  to  the  boundary  layer  entrainment  rate 
for  mixing  zones,  such  as  Reichardt's  -S2=Sj=0.111  (29:509)  and 
Albertson's  ~S2=Sj=  0.132  (29:509).  Abramovicli  suggested  that 
these  rates  depend  on  a  velocity  defect  parameter, 

^  _  ’^max  n  (  5  ) 

^max 


where  -S2=Sj=b/x=cA  and  c  was  experimentally  determined  to  be 
in  the  range  0.2-0. 3  (30:  153).  For  the  present  set  of 
experiments,  u^_^=3230  ft/sec  and  u^,^=2020  ft/sec  giving  -32=33= 
0.046-0.069.  Schetz,  et  al  found  that  this  matches  well  for 
supersonic  conditions  (12:29).  Pai  described  an  analysis  by 
Kuethe  that  depended  on  the  velocity  ratio  between  two  mixing 
streams  and  yielded  different  growth  rates  (31:109),  Again 
for  the  present  case,  Uj/u, =0.625  and  from  Pai's  graphs  and 
equations  S2=-0.085  and  Sj=0.068.  Based  on  all  this  data,  the 
growth  rates  used  in  this  analysis  were 


,  =  0.07 

Sj  =  0.07 

2  =  -0.07 

=  0.01 

Now  upon  integrating  the  and  equations  and  solving  for 
pu  fcr  each  stream  as  a  function  of  x  and  y,  the  two  streams 
are  superimposed  to  get 


(pu)  {x,y)  =  <pu)B|^(x,y)  -  (pu)jET(x,y) 


(b) 
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Computer  Results 


Appendix  C  shows  the  derivdtion  of  the  mars  flux 
equations  for  any  x,y  position.  A  computer  program  was 
written  in  BASIC  incorporati.ng  these  equations.  Appendix  D 
contains  the  listing  for  tna  "MASS  FLUX  PROFILES"  program 
which  was  used  to  generate  Figures  9,  lo,  and  11  for 
visualization  of  the  mixing  zone.  one  may  notice  from  these 
figures  that  the  initial  mass  flux  profiles  are  nearly  linear. 
This  comes  from  the  initially  assumed  profiles  for  p  and  u? 
when  combined  pu  varies  as  It  is  .ilso  worth  noting 

that  the  initial  wake  between  tl^e  two  streams  (at  y=0) 
diffuses  and  mixes  out  rather  quickly  and  then  gradually 
diminishes  as  the  jet  expanas  downstream. 

From  the  criterion  proposed  earlier,  the  optimum  slot-to- 
shoulder  distance  is  the  L  where  pu  is  maximized  along  the 
line  y=0.  Figures  12  and  13  show  this  mass  flux  as  a  function 
of  X.  The  computer  program  v/as  modified  to  calculate  the 
where  pu  is  maximized  over  a  range  of  TMI  rates.  The  "OPTIMUM 
SLOT  LOCATION"  program  is  listed  in  Appendix  E,  and  Figure  14 
shows  the  computed  results.  It  is  clear  that  for  inputs 
corresponding  to  the  actual  test  conditions,  the  optimum 
was  fairly  independent  of  the  blowing  rate  and  was  approxi¬ 
mately  1  in,  five  to  six  slot  heights,  or,  equivalently,  5-66-. 
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Figure  9.  Calculated  Mass  Flux  Profiles  in  the 
Mixing  Region  for  Poi=^500  psia,  Poj=17  psia 


Figure  10.  Calculated  Mass  Flux  Profiles  in  the 
Mixing  Region  for  Poi=5G0  psia,  p^j-SS  psia 
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Figure  11.  Close-up  of  Mass  Flux  Profiles  in 
the  Mixing  Region  for  poi=200  psia,  Poj=7  psia 


HI.  EXPERIMENTAL  SET-UP 


This  chapter  describes  the  equipment  used  in  the 
experiments,  which  consisted  of  a  multi-piece  model,  a  wind 
tunnel  facility,  instrumentation,  and  struts  and  piping  for 
the  model-facility  interface. 

Model 

The  scram jet  TMI  inlet  model  used  in  the  experiments  is 
shown  in  Figure  15.  The  model  was  designed  with  consideration 
of  the  project  goals,  aerodynamic  loads,  and  wind  tunnel 
requirements.  It  was  based  on  the  Scaggs/Galassi  flat  plate 
model  (32;  Fig.  1)  which  was  built  for  the  same  facility. 
Their  basic  design  was  modified  to  provide  for  tangential  mass 
injection,  variable  length  inserts,  interchangeable  aft 
wedges,  and  an  adjustable  cowl.  The  material  chosen  for  t.he 
model  was  Stainless  steel  17-4  for  its  low  thermal  expansion 
qualities.  Figure  16  is  a  picture  of  the  multiple  model 
pieces.  The  overall  maximum  dimensions  (L  x  W  x  H)  were  19.51 
X  16.00  X  3.38  in  (including  the  cowl). 

The  front  plate  was  slightly  different  than  the  Scaggs/ 
Galassi  plate.  Originally,  normal  mass  injection  was 
considered  for  this  piece  to  thicken  the  boundary  layer  as 
proposed  by  Clausen  (33).  However,  Stava  suggested  that  a 
rough  plate  surface  and  low  tunnel  reservoir  pressure  could 
reasonably  duplicate  the  expected  HASP  inlet  condition  -  a 
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Figure  15 „  Scramjet  Inlet  Model  with  TMI  Slot 


r 

% 

boundary  layer  thickness  approximately  25%  of  the  cowl  height 
(4) .  Therefore,  the  plate  surface  was  not  as  polished  as  the 
Scaggs/Galassi  plate.  Also,  the  leading  edge  was  modified  to 
ensure  that  the  weak  bow  shock/Mach  wave  would  not  impact  the 
cowl  shock.  This  required  at  least  a  16°  wave  angle  as 
opposed  to  the  12°  angle  experienced  by  Scaggs  and  Galassi 
(3*5).  The  10°  wedge  on  the  underside  of  the  leading  edge  was 
maintained  as  well  as  the  9.5  in  leading  edge  width  to  ensure 
that  the  corner  Mach  lines  did  not  infringe  on  the  model 
centerline  downstream. 

The  tangential  mass  injection  piece  (see  Figure  17)  was 
the  most  complex  part  of  the  model.  An  injection  Mach  number 
of  3  was  chosen  for  comparison  with  White's  experiments 
(2,24).  Also,  any  higher  Mach  number  may  have  caused  the  XMI 
air  flow  to  liquefy  since  it  was  not  heated.  The  Mach  3  air 
nozzle  was  scaled  from  Merz's  drawings  (35:3)  to  obtain  a  0.20 
in  slot  injection  height.  Merz’s  nozzle  was  designed  using 
the  method  of  characteristics  and  was  tested  to  have  minimal 
shock  interference  patterns  (36) .  Considerations  for 
minimizing  tunnel  blockage  and  maintaining  low  subsonic  flow 
in  the  TMI  ducts  led  to  a  design  of  TMI  air  supply  from  both 
sides  of  the  model.  Flexible  stainless  steel  supply  pipes 
that  connect  to  L-shaped  attachments  underneath  the  model 
outside  of  the  "core  flow"  are  visible  in  Figure  15.  0-rings 
were  used  to  seal  the  ducts.  Additionally,  a  flow  turning 
vane  and  porous  plate  were  installed  upstream  of  the  throat  to 
provide  a  uniform  velocity  distribution  across  the  4  in 
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opening  which  was  loc^t-ed  12  in  from  the  model  leading  edge. 

The  other  pieces  were  designed  to  permit  a  variety  of 
inlet  model  geometries.  The  1  in  and  2  in  spacer  strips  could 
be  inserted  between  the  slot  and  aft  wedge  to  allow  four 
configurations  of  TMI-to- shoulder  lengths  to  be  tested.  The 
2  to  5  in  range  was  selected  on  Stava's  advice  that  a  proper 
mixing  length  was  on  the  order  of  10  to  25  times  the  boundary 
layer  thickness  (4) .  The  flow  turning  angle  at  the  shoulder 
could  be  chosen  by  selecting  either  the  12°  or  the  15°  angle 
aft  wedge  piece.  Although  the  cowl  lip  height  was  fixed  at  2 
in,  the  cowl  deflection  angle  could  be  adjusted  to  either  12° 
or  15°  through  different  holes  in  the  rear  cowl  supports. 
Usually,  the  flow  turning  angle  and  cowl  angle  were  matched. 
The  diamond- shaped  cowl  was  designed  for  inlet  self-starting 
even  at  the  maximum  contraction  ratio  using  the  Kantrowitz 
staxting  limit  (4).  Finally,  the  shock  impingement  location 
(nominally  at  the  shoulder)  was  adjustable  by  sl/.-Ung  the  cowl 
and  clamp  assembly  forward  or  aft.  The  clamp  s}ots  were 
designed  to  provide  shock  impingements  over  a  4.8  in  range 
upstream,  on,  and  downstream  of  the  shoulder  for  all  possible 
slot-to-shoulder  lengths. 

Instrumentation 

The  model  was  fitted  with  39  static  pressure  ports 
although  only  a  maximum  of  29  were  in  use  at  any  one  time. 
Additionally,  seven  thermocouples  were  attached  with  only  as 
many  as  five  in  ube  for  any  given  run.  Figure  18  and  Tables 
1  and  2  show  the  locations  of  the  pressure  taps  and  thermo- 
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Figure  18.  F^odel  Instruroentation  Diagram 


TABLE  1 


Pressure  Port  Locations 


Eatt-  X.  (in)  y  (in)  Port,  x 


4 .750 

0 

P3W12-I 

6.500 

0 

Pa-12-2 

8 .250 

0 

Pa-12-3 

10.500 

0 

Pa-12-4 

p  -1 

11.235 

0 

Pa-12-5 

P  -2 

11.235 

-1.0 

Pa-12-6 

Pfp-5 

Pfp-® 

12 . 125 

0 

Pa-12-7 

12 . 50 

-1.0 

Pa-12-8 

12 . 50 

1.0 

Pa-,2-8 

12.625 

0 

Pa-12-10 

Pa-,2-11 

P,i-i 

.  125 

0 

P,i-2 

.  625 

0 

P,2-l 

.  125 

0 

P.2-2 

.  625 

0 

Pi2-3 

1.  125 

0 

P^,-4 

1.625 

0 

2.00 

0 

p  -2 

4 . 00 

0 

-J  in)  Y- 

(in) 

Port  X 

Xinl  V 

JjjQl 

.  125 

0 

Pa-,5-1 

.  125 

0 

.  500 

1 . 0 

Pa-15-2 

.  500 

1.0 

.  625 

0 

Pa-15-3 

.  625 

0 

1 .  125 

0 

P.-,5-4 

1. 125 

0 

1.375 

0 

Pa-15-5 

1.375 

0 

1.625 

0 

Pa-,5-6 

1.625 

0 

1.875 

0 

Pa-15-7 

1.87  5 

0 

2.125 

0 

Pa-15-8 

2.125 

0 

2.250 

1 . 0 

P.-15-8 

2.250 

1.  C 

2  ..  375 

0 

Pa-15-10 

2.375 

0 

2.625 

0 

TABLE  2 

Thermocouple  Locations 


Thermocouole 

Y-Onl 

T,p-1 

8.500 

0 . 50 

T  ^  —  1 
■*’  TMl  ‘‘‘ 

11.235 

0.50 

T,p-2 

T.:„-i 

12 . 500 

0.50 

0.50 

0.50 

T.-,3-2 

2 . 00 

0.50 

1'ow,5-  1 

0.50 

0.50 

3^aw15-2 

2 . 00 

0.50 

NOTE:  For  Tables  1  and  2,  X  is  measured  from  the  leading  edge 
of  an  unattached  piece  (e.g.  front  plate,  1  in/2  in  insert, 
12°/ 15°  aft  wedge,  cowl  wedge) 
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couples.  Channels  for  the  1/16  in  diameter  pressure  tubing 
and  thennocouple  wiring  were  car^’ed  out  of  the  bottom  of  the 
main  flat  plate  pieces  and  out  of  the  top  of  the  cowl.  Access 
panels  0.1  in  thick  covered  these  channels.  The  stainless 
steel  pressure  tubes  were  soldered  to  the  taps.  The 
thermocouples  were  installed  0.030  in  beneath  the  surface 
where  the  static  temperature  was  to  be  measured.  Notice  that 
two  pressure  ports  and  one  thermocouple  were  positioned  in  the 
TMI  plenum  chamber  for  calculation  of  the  TMI  flow  rate.  They 
measured  virtually  stagnation  conditions  of  the  jet  stream. 

The  facility  instrumentation  included  a  traversing  probe, 
laser  velocimetry  (LV) ,  and  the  schlieren  photo  system.  The 
traversing  probe  cculd  be  equipped  to  measure  pitot  pressure 
or  total  temperature.  LV  was  planned  to  obtain  velocity 
profiles  at  several  x  locations.  The  schlieren  photo/video 
system  was  set-up  when  the  LV  system  was  not  in  use.  It  was 
used  for  flow  visualization  of  the  shocks,  boundary  layer,  and 
separation  occurring  in  the  region  at  the  rear  6  in  of  the 
model . 

Facility 

The  model  was  tested  i.n  the  Wright  Laboratory  Mach  6  High 
Reynolds  Number  Facility  located  at  Wright-Patterson  AFB  OH. 
Its  test  section  is  an  open  air,  circular  jet  as  shown  in 
Figure  19.  Once  tunnel  flow  is  established,  the  model  is 
injected  into  the  stream.  The  diameter  of  the  exit  nozzle  is 
12.35  in,  but  the  effective  core  diameter  is  only  9-10  in  due 
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to  an  annular  shear  layer  (34).  The  capture  cone  is 
positioned  to  capture  any  shocks  from  the  model  and  collect 
the  exhaust  flow.  The  freestream  Mach  number  varies  slightly 
with  temperature,  pressure,  and  position;  but  an  average 
centerline  value  is  5.76  (37:26).  Figure  20  is  a  more  distant 
view  of  the  test  cabin  with  the  door  closed.  Also  visible  in 
this  picture  are  1)  the  pressure  transducer  bank,  2)  the 
exhaust  duct,  3)  the  throat  section,  and  4)  the  secondary 
mirror  of  the  schlieren  system. 

A  schematic  diagram  of  the  facility  is  shown  in  Figure 
21.  A  cylinder  tank  farm  provides  a  total  pressure  range  of 
100-2100  psia.  The  pebble  bed  storage  heater  raises  the  total 
temperature  of  the  air  to  between  900°R  and  llOO^R.  This 
combination  allows  a  Reynolds  number  per  foot  range  of  1.5x10''’ 
to  30x10*  in  the  test  section.  The  flow  exhausts  to  the 
100,000  cubic  foot  vacuum  sphere  for  the  low  pressure  runs 
(p^<700  psi) .  The  present  set  of  experiments  was  performed  at 
p^'s  of  200  and  500  psia  with  T„=1000“R.  This  produced  Re/ft 
values  of  about  3x10*  and  7.2x10*. 

The  facility  also  contained  a  control  room  from  which  the 
experiments  were  conducted.  Control  stations  provided  for 
operation  of  the  probe  drive  system,  tunnel  flow  conditions., 
and  position/injection  of  the  model  platform.  A  headphone- 
microphone  intercom  system  allowed  for  communication  with  the 
operator  contTv...! ing  the  TMI  flow  regulator  located  outside  of 
the  control  room.  Several  monitors  were  used  to  get  readings 
of  selected  parameters,  and  some  (T^,  p^,  and  p,)  were  plotted 
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Figure  21.  Schematic  Diagram  of  WL  Mach  6  High  Re  Facility  (Ref 


in  real-time.  The  data  acquisition  unit  was  a  Hewlett-Packard 
3852  which  was  connected  to  a  Digital  Equipment  Corporation 
Microvax  3  for  data  processing,  storage,  and  graphing. 

Installation 

A  hook-up  for  the  injection  flow  was  made.  Two  separate 
pipes,  each  with  a  diameter  of  0.75  in,  were  attached  to  the 
underside  of  the  model  spaced  about  11  in  apart  and  10  in  from 
the  leading  edge.  The  pipes  had  to  be  flexible  for  the  model 
to  be  injected  or  removed  from  the  core  flow,  yet  be  heat 
resistant.  The  pipes  had  a  common  source  reservoir,  which  was 
ambient  temperature  air  with  a  maximum  stagnation  pressure  of 
50  psia.  The  infection  mass  flow  rate  was  adjustable  during 
a  test  run  through  a  dome  pressure  regulator. 

The  model  was  mounted  on  the  platform  support  system  with 
dual  vertical  struts.  The  struts  had  four  3/8  in  diameter 
bolt  holes  with  centers  spaced  6.5  in  apart  and  15  in  from 
strut  to  strut.  The  platfo4.m  support  system  could  be 
hydraulically  raised  to  inject  the  model  into  the  flow. 

With  the  model  on  its  struts  the  pressure  tubing  was 
threaded  through  ports  in  the  test  cabin  and  connected  to 
transducers  just  outside.  Similarly,  the  thermocouple  wiring 
was  threaded  through  and  connected  to  a.mplifiers.  Then  the 
instrumentation  was  calibrated.  For  each  transducer,  a 
multiple  point  calibration  was  perfoimed  resulting  in  a  first 
order  least  squares  curve  fit.  The  thermocouples  were 
calibrated  with  a  ninth  order  curve  fit  since  they  were  not  as 
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linear.  Most  of  the  pressure  transducers  were  rated  at  20 
psia,  except  for  the  two  connected  to  the  TMI  chamber  which 
were  rated  at  50  psia.  Both  the  pressure  and  temperature 
readings  were  accurate  to  within  0.5%. 

Configuration  changes  were  made  without  removing  the 
model  from  the  tunnel.  Typically,  all  that  was  required  was 


IV.  EXPERIMENTAL  PROCEDURE 


Three  different  categories  of  tests  were  conducted  - 
checkout,  flow  characterization,  and  parametric.  During  the 
initial  checkout  tests  only  the  schlieren  system  and  a  TMI 
plenum  pressure  port  were  used.  Additionally,  for  flow 
characterization,  pitot  pressure  surveys  were  made  and  wall 
static  pressure  distributions  were  collected  for  various 
amounts  of  blowing.  An  attempt  to  measure  velocity  profiles 
with  LV  failed.  Parametric  testing  utilized  the  pitot  probe, 
wall  pressure  ports,  and  the  schlieren  system. 

Test  Program 

The  test  program  was  the  plan  for  how  the  parameters  were 
to  be  varied  and  in  what  order.  Tables  3  and  4  show  the 
planned  parameter  values  and  their  mapping  to  model/ facility 
configuration.  The  cowl  lip  position,  ,  values  in  Table 
4  were  derived  with  the  aid  of  an  oblique  shock  chart  (38)  - 
the  condition,  M,=5.76,  and  cowl  deflection  angles,  0=12°  and 
15^,  yielded  cowl  shock  angles,  0=20®  and  23°,  respectively. 
The  test  matrix  in  Table  5  shows  the  actual  configurations, 
measurements,  and  sequence  for  the  runs.  A  blank  entry  in 
this  table  indicates  that  the  value  above  it  still  applies. 
In  general,  this  sequence  was  established  on  the  basis  of 
doing  the  most  difficult  configuration  changes  the  fewest 
number  of  times.  Some  tests  had  to  be  rerun  due  to  problems 
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TABLE  3 


Parameter  to  Configuration  Map 


Parameter 

Value 

Conf iauration 

^SHR 

2  in 

No  inserts 

3  in 

Only  1  in  insert 

4  in 

Only  2  in  insert 

5  in 

Both  inserts 

^SHIC 

•  ®  ^HR 

^coyi  <^epends  on 

^-‘SHR 

Lshr  and  0 

1 . 

(See  Taole  4) 

<x 

12° 

12°  aft  wedge  piece 

15° 

15°  aft  wedge  piece 

p 

12° 

12°  cowl  angle  hole 

15° 

15°  cowl  angle  hole 

0 

0° 

Wedge  shims  out 

2° 

2°  wedge  shims  in 

0.50  in 

Tunnel  p^=200  psia 

0.25  in 

=500  psia 

^r«i 

0.05m„p 

At  Po=200  psia  7  psia 

=500  psia  =17  psia 

0 .  lOm^-^p 

At  pp200  psia  Poj=l'l  psia 

=500  psia  =35  psia 

TABLE  4 

Shock  Location  Map 

(in] 

for  1*..,.= 

i^tiR - k-j-ill 

-s-SisHR—  — i'SHR— 

O 

CM 

2 

8.0  8.4 

8 . 7 

3 

8.8  9.4 

9.7 

4 

9.6  10.4 

10.8 

cr 

.j 

iO . 4  11.4 

11 . 9 

15° 

2 

8.3  3.7 

9. 1 

3 

9.1  9.7 

10.0 

4 

9.9  10.7 

11.1 

5 

10.7  11.7 

12.2 
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TABLE  5 


TMI  Inlet  Model  Test  Matrix 


Test 

Mat. 

Run 

Conf iauration 

Measurements 

Tunnel 

Runs 

a  0 

50  Inserts 

Y 

( in) 

P. 

(DS.ia) 

Pqi 

fpsia)  Tvce 

Xf  in) 

1 

1 

15’=’  15° 

0°  Both 

11.7 

200 

0 

2 

2 

500 

0 

- 

3 

3 

2° 

rinv 

500 

0  Pt 

11. s 

4 

4 

200 

0 

5 

5 

200 

18,4 

12. 1 

6 

6,7.8 

500 

46 

7 

9 

11.7 

200 

0 

16.5 

8 

10 

500 

0 

9 

11 

200 

7.4 

10 

12 

200 

15 . 6 

11 

13 

500 

25 

12 

14 

500 

45 

13 

15 

12. 2 

200 

0-22 

17 , 3 

14 

16 

500 

0-15 

15 

17 

10.7 

200 

0-30 

15.5 

18 

0-38 

15.0 

16 

19 

500 

0-29 

17 

20 

2” 

10.7 

200 

0-30 

15.0 

56 

12° 

0-36 

18 

21 

15° 

500 

0-30 

57 

12° 

0-46 

- 

19 

22 

15° 

1" 

9.7 

200 

0-30 

14.0 

20 

23 

500 

0-35 

21 

24 

None 

8.7 

200 

0 

13.0 

n  fi; 

0-16 

13 . 0 

18-30 

13 . 5 

22 

26 

500 

0 

13 . 0 

27 

0-23 

13 , 5 

23 

28 

9.1 

200 

0-30 

14 . 4 

58 

12° 

0-15 

14.2 

24 

29 

15° 

500 

0-26 

25 

30 

8 . 3 

200 

0-24 

13 . 0 

59 

12° 

0-16 

12.9 

26 

31 

15° 

500 

0-15 

13 . 0 

60 

12° 

0-15 

12.9 

27 

32 

12°  12 

°  2°  None 

7 . 8 

200 

0-22 

*1  *>  c 

28 

33 

500 

0-23 

13 . 0 

29 

34 

8.4 

200 

0-8 

13 . 5 

61 

8.3 

0-10 

30 

35 

8.4 

500 

0-47 

- 

62 

8.3 

0-46 

13.5 

31 

36 

8.7 

200 

0-15 

14.2 

32 

37 

. 

500 

0-30 

33 

38 

7.4 

200 

0-23 

12.6 

_21-_ 

_ 22 _ 

0° 

_ _ 
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TABLE  5 


TMI  Inlet  Model  Test  Matrix 
(continued) 


Test _ Configuration _ Measurements 


Mat. 

Run 

Tunnel 

Runs 

ado  Inserts 

( r_n) 

Pp 

(psia) . 

(psia) 

Type 

X(  in) 

35 

40 

12®  12°  0°  None 

7.4 

600 

0-46 

Pt 

12 . 6 

36 

41 

2°  1" 

9.4 

200 

0-40 

14 . 6 

37 

42 

500 

0-46 

38 

43 

8.3 

200 

0-24 

13 . 6 

39 

44 

2” 

10.4 

200 

0-41 

15.5 

54 

10.3 

20-46 

15.3 

40 

45 

10.4 

500 

0-46 

- 

55 

10.3 

0-46 

15.3 

41 

46 

rmv 

200 

18 

Tt 

12 . 1 

42 

47 

500 

46 

43 

48 

200 

0 

LV 

11.0 

44 

49 

500 

45 

50 

200 

LLS 

11-18 

46 

51 

0 

Pt 

11.5 

10.5 

14 . 0 

47 

52 

10 

14 . 0 

20 

48 

53 

0° 

0 

11.5 

0 

14 . 0 

10 

2~0 

NOTE:  Tg=1000‘’R,  rmv=  cowl  removed,  LLS=  laser  light  sheet 

with  the  tunnel  or  inconclusive  results;  thus,  a  test  matrix 
run  number  may  have  several  different  (tunnel)  run  numbers. 

If  all  possible  parameter  combinatioris  were  tested,  it 
would  have  required  48  runs.  The  coverage  was  reduced  to  29 
runs  due  to  the  tight  facility  schedule.  The  off-design 
conditions  of  the  cowl  shock  impinging  forward  or  aft  of  the 
shoulder  were  tested  only  at  the  extreme  values  of 
and  5  in.  Additionally,  as  the  0-15®  results  indicated  that 
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TMI  was  ineffective  for  the  larger  configurations,  the 
L5„g=5  in  test  runs  were  eliminated  for  0  =  12°  and  two  runs  were 
added  with  in. 


Test  Objectives 

The  objectives  of  the  checkout  test  were  as  follows: 

1)  determine  the  minimum  tunnel  total  pressure  without  the 
model  causing  tunnel  unstart  (blockage  test) , 

2)  check  for  inlet  self-starting, 

3)  check  for  undesirable  flow  patterns  (e.g.  the  bow  shock 
impacting  the  cowl,  corner  Mach  lines  crossing  the 
centerline  downstream) , 

4)  characterize  the  boundary  layer  thickness, 

5)  ensure  the  supply  pipes  can  provide  50  psia  to  the  TMI 
plenum  and  the  model  can  withstand  the  pressure  leading, 

6)  check  the  2-D  quality  of  the  jet  flow,  and 

7)  ©nsurs  ^snsirsil  inodsl  coinpstibil ity  witih  thG  fsciliuy* 

The  objectives  of  the  flow  characterization  tests  were  to 
obtain  velocity  profiles  at  several  locations  and  wall  static 
pressure  distributions.  These  were  desired  for  several 
different  rates  of  TMI  to  permit  a  trend  analysis. 

The  objectives  of  the  parametric  testing  were  to 
determine  the  TMI  rate  required  to  eliminate  separation  for 
each  configuration  and  to  determine  the  optimum  slot  location. 
The  controlling  TMI  rate  data  would  be  used  to  discern  trends 
in  the  various  parameters  so  that  an  ideal  vehicle  configur¬ 
ation  and  TMI  rate  control  system  could  be  established. 
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General  Approach 


The  general  steps  followed  during  a  test  run  were  as 
follows: 

1)  zero  full-scale  set  the  pressure  transducers  (only  the 
first  run  of  each  day) , 

2)  establish  the  model  and  facility  configuration, 

3)  pump  down  the  vacuum  sphere, 

4)  conduct  a  pre-test  readiness  check  and  countdown, 

5)  start  the  tunnel  and  video  schlieren  VCR;  fine  tune  p^^, 

6)  inject  the  model  and  wait  for  stability, 

7)  take  a  pitot  pressure  survey  for  m^^|=0  (selected  runs)  , 

8)  take  a  schlieren  photo  for  (selected  runs), 

9)  position  the  pitot  probe  in  the  separation  bubble  just 
off  the  surface  (selected  runs) , 

10)  begin  increasing  the  TMI  flow  rate  incrementally, 

11)  perform  pitot  pressure  survey (s)  near  the  suspected 
controlling  , 

12)  take  a  schlieren  photo, 

13)  continue  increasing  the  TMI  flow  rate  up  to  10-15%  of  the 
inlet  captured  flow  rate, 

14)  turn  off  TMI,  eject  the  model,  and  stop  the  tunnel  flow, 

15)  bring  the  test  cabin  pressure  up  to  atmospheric,  and 

16)  print  out  the  data  and  graphs. 

Run  times  were  limited  to  30  min  for  Pjj-200  psia  and  10 
rain  for  p^=500  psia  due  to  the  filling  of  the  vacuum  sphere. 
Only  four  or  five  runs  per  day  could  be  performed  before 
depleting  the  heat  capacity  of  the  storage  heater. 
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Measureir.ents 


The  traversing  probe  was  used  for  pitot  pressure  and 
total  temperature  profiles.  Surveys  went  out  to  a  maximum  of 
0.72  in  above  the  surface  in  0.020-0.060  in  increments.  The 
probe  would  be  brought  down  to  the  model  surface  and  the  Z 
position  indicator  zeroed.  The  pressure  or  temperature 
reading  typically  took  5-10  sec  to  steady  out  for  each  step. 
Once  it  leveled  off  at  each  step,  a  computer  keystroke  stored 
all  test  data  at  that  particular  instant.  Each  test  point  is 
differentiated  by  a  unique  test  point  number  (TPN) .  Pitot 
pressure  surveys  were  used  to  determine  <S,  separation  height, 
velocity  profiles,  controlling  m^„, ,  and  the  jet  2-D  qualities. 
Total  temperature  surveys  provided  an  indication  of  6,. 

Perhaps  one  of  the  most  important  parameters  to  measure 
was  TMI  mass  flow  rate.  Since  an  adequate  mass  flow  meter  was 
not  available,  m^^,  had  to  be  calculated  from  the  plenum 
pressure  and  temperature  readings  (thete  were  two  pressure 
ports  in  the  plenum  just  in  case  one  developed  a  leak  or  got 
blocked).  The  following  equation  was  used  (with  y=1*4) 


m 


-  ( — 

R  Y*1 


III 

Y-> 


9c 


Po,A- 


0.532  p,^A 


(7) 


which  is  equivalent  to  the  method  shown  in  Appendix  C. 

The  static  pressure  tap  measurements  were  used  to 
determine  the  separation  length  and  incipient  separation 
point.  Static  temperatures  on  the  model  surface  were  not 


important  for  this  investigation  but  may  be  useful  for  any 
follow-on  CFD  analyses. 

Contrary  to  the  original  thinking,  incipient  separation 
could  not  be  determined  in  real-time.  This  forced  a  slight 
change  in  the  procedure  for  detecting  it.  Rather  than 
increasing  the  TMI  flow  directly  up  to  the  incipient 
separation  point,  it  had  to  be  increased  incrementally  taking 
test  data  points  over  a  range.  The  wall  static  pressure  data 
would  be  graphed  after  the  test  and  the  controlling  mass 
injection  rate  found  by  interpolation  of  the  curves  based  on 
several  criteria. 

Another  method  used  for  determining  the  controlling  TMI 
rate  was  to  position  the  pitot  probe  just  off  the  model 
surface  in  the  separated  region  while  the  TMI  flow  was 
increased.  If  separation  was  still  present,  the  pitot 
pressure  in  the  "bubble"  would  remain  virtually  the  same,  but 
once  the  bubble  was  eliminated  there  would  be  a  sharp  increase 
in  p^. 

A  unique  approach  to  making  LV  measurements  in  a 
hypersonic  wind  tunnel  was  attempted.  The  procedure  involved 
firing  four  laser  beams  at  slightly  different  angles  through 
the  test  cabin  window  and  detecting  the  back  scatter  light 
from  the  seeded  air  (most  LV  set-ups  use  the  precision 
demanding  forward  scatter  technique) •  This  effort  failed  to 
provide  velocity  profiles  due  to  a  lack  of  laser  power  and  a 
lack  of  seed  in  the  boundary  layer.  Also,  since  the  TMI  flow 
was  not  seeded,  the  only  data  that  could  have  been  obtained 
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were  velocity  profiles  upstream  of  the  slot  and  perhaps  data 
for  s,  and  Sj.  However,  LV  did  provide  a  good  indication  of 
the  freestream  velocity  and  flow  visualization  of  the 
tangential  mass  injection  (the  latter  in  the  form  of  a  laser 
light  sheet  video) . 

The  schlieren  system  consisted  of  a  light  source,  two 
primary  mirrors  (one  on  each  side  of  the  movable  test  cabin 
window) ,  an  instant-developing  camera  with  adjustable  knife 
edge  and  view-through  ground  glass,  and  a  video  camera.  Both 
the  light  source  and  the  still  camera  had  secondary  mirrors 
aimed  at  opposite  primary  mirrors.  The  still  camera  provided 
3.5  X  5  in  photographs  with  negatives.  Taking  a  schlieren 
photo  momentarily  interrupted  the  schlieren  video  which  was 
recorded  on  a  VHS  VCR. 


V.  RESULTS 


As  mentioned  previously,  the  experimental  tests  were 
categorized  as  either  cneckout,  flow  characterization,  or 
parametric.  The  checkout  test  results  indicated  that  a  few 
minor  changes  were  necessary  for  proper  operation;  these  were 
made  prior  to  any  further  testing.  The  results  of  the  flow 
characterization  showed  that  certain  trends  in  wall  and  pitot 
pressure  occurred  when  the  TMI  flow  rate  was  increased.  These 
trends  helped  to  identify  criteria  that  could  be  used  to 
determine  the  incipient  separation  point.  The  criteria  were 
applied  to  the  parametric  test  results  to  find  the  controlling 
TMI  flow  rate  for  each  test  condition.  When  plotted,  these 
rates  indicated  that  the  optimum  slot-to-shoulder  length  was 
approximately  five  slot  heights  with  a  corresponding  control¬ 
ling  TMI  rate  ratio  (normalized  to  the  inlet  captured  mass 
flow)  of  around  5%.  These  values  compared  favorably  to  the 
theory  and  previous  experim.ental  results. 

Checkout  Tests 

The  checkout  test  series  consisted  of  tunnel  blockage  and 
injection  tests.  The  blockage  tests  were  conducted  as  Runs  1 
and  2.  The  injection  tests  usually  did  not  require  running 
the  tunnel  and  so  were  not  labelled  as  runs;  althrm*",  part  of 
Run  3  and  Run  50  were  considered  to  be  injection  tests. 

Blockage .  Run  1  verified  that  the  model  with  cowl  caused 
no  tunnel  blockage  at  a  reservoir  pressure  of  200  psia,  the 
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lowest  selected  value.  The  schlieren  video  indicated  that  the 
inlet  sel f -started .  The  incoming  boundary  layer  thickness  at 
X=12  in  was  estimated  to  be  0.3  in  from  the  schlieren  photo  - 
less  than  the  0,5  in  desired  for  the  25%  cowl  height 
condition,  but  it  was  deemed  satisfactory  since  little  could 
be  done  to  increase  5  without  jeopardizing  the  natural  profile 
shape  of  the  boundary  layer.  Modelling  the  boundary  layer 
growth  of  a  scramjet  inlet  is  a  problem  common  to  many 
hypersonic  wind  tunnel  facilities  (33:1-2).  Run  2  was  with 
Pg=500  psia,  and  it  also  passed  the  blockage  and  inlet  self¬ 
starting  checks.  The  incoming  boundary  layer  thickness  for 
this  condition  was  estimated  to  be  0.25  in. 

Both  runs  showed  that  the  bow  shock  angle  was  less  than 
the  16°  needed  and  that  the  bow  shock  may  deflect  the  cowl 
shock  in  future  runs.  Dorrance  suggests  that  this  flat  plate 
bow  shock  is  caused  by  the  boundary  layer's  displacement 
thickness  growth  rate  at  the  leading  edge  ^ 39: 145-6).  Stava 
proposed  pitching  the  entire  model  at  -2°  angle  of  attack  to 
partially  negate  the  6’  growth  and,  thus,  weaken  the  bow  shock 
(4) .  This  approach  would  also  lower  the  cowl  lip  with  respect 
to  the  bow  shock,  further  mitigating  any  interference.  Hence, 
2°  wedge  shims  were  fabricated  and  placed  on  the  top  and 
bottom  of  the  end  clamps  on  both  sides  of  the  model  for  the 
majority  of  the  remaining  runs.  Apparently,  that  solved  the 
problem  as  no  cowl  shock  deflection  was  observed  in  subsequent 
ru.ns  (see  Figures  73,  86,  87,  and  68  in  Appendix  F)  . 


Ini ect ion .  These  tests  ensured  that  the  secondary  air 
supply  could  provide  the  desired  raaximum  p^j  and  that  the  jet 
retained  2-D  characteristics,  especially  along  the  model 
centerline.  Initially,  the  top  half  of  the  TMI  nozzle  raised 
up  with  injection  (especially  at  the  corners)  allowing  a 
maximum  p^.  of  only  38  psia.  To  resolve  this  deficiency,  the 
TMI  noz'^le  corners  and  TMI  assembly  leading  edge  were  heliarc 
welded  to  the  front  plate  providing  the  design  p^^j  of  50  psia. 
The  TMI  assembly  and  ducts  still  leaked  in  several  places 
causing  undesirable  shocks  in  the  flow  field.  These  were 
patched  with  high  temperature  resin. 

The  porous  screen  was  blown  out  in  early  tests  leading  to 
concerns  about  the  2-D  qualities  of  the  jet.  However,  a  pitot 
pressure  survey  just  behind  the  slot  exit  in  Run  3  verified  it 
still  had  good  2-D  flow  across  its  4  in  width  (see  Figure  22) . 
Later,  in  Run  50,  a  laser  light  sheet  test  showed  that  the  jet 
flow  maintained  its  two  dimensionality  well  downstream. 
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Figure  22,  Run  3  Pitot  Pressure  Survey  at  X=12.1  in, 
Z=0,l  in,  Pjj,*  0  psia,  p^-=»  9  psia 


52 


expansion  calculation  (38)  gave  M,=5.5,  However,  with  the 
model  pitched  to  weaken  the  bow  shock  one  could  assume 
Mg=M,=5.76.  An  LV  measurement  confirmed  that  the  freestream 
velocity,  u, ,  was  3230  ft/sec-  The  isentropic  temperature 
relation  and  Mach  number  equation  with  Tq,  =  1000°R  and  M,=5,76 
yield  the  same  result. 

Assuming  the  static  pressure  through  the  boundary  layer 
is  constant,  the  pitot  pressure  profiles  are  representative  of 
the  velocity  profiles.  The  boundary  layer-  thickness  was 
determined  by  locating  the  point  where  the  local  pitot 
pressure  was  99%  of  the  edge  pitot  pressure.  From  Figure  23, 
6=0.26  in  for  the  p  =200  psia  runs,  and  from  Figure  24,  6=0.20 
in  for  the  Pq=500  psia  runs.  Note  that  in  Figure  23,  the  2=0 
pitot  pressure  measurement  was  approximately  twice  that  of  the 
above  two  2  positions,  indicating  that  the  probe  tip  was 
entirely  within  the  subsonic  region  of  the  boundary  layer 
where  no  shock  would  be  generated  to  reduce  the  total 
pressure.  Refer  to  the  Pitot  Pressure  Profiles  section  for 
further  discussion  on  the  boundary  layer  shapes. 

Figures  25  and  26  indicate  that  6^  has  virtually  the  same 
value  as  the  respective  6.  Note  that  the  total  temperatures 
were  measured  just  behind  and  from  the  bottom  of  the  slot. 

Wall  Static  Pressure  Distributions.  The  measured  values 
of  p^^  ranged  from  0.16  psia  to  4  psia,  with  the  smaller  values 
occurring  on  the  front  plate  upstream  of  the  slot  and  the 
higher  values  downstream  at  the  cowl  shock  impingement.  This 
section  will  address  the  wall  pressures  ahead  of  the  slot, 
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Run  4  Pitot  Pressure  Profile  Figure  24.  Run  3  Pitot  Pressure  Profile 

at  X=11.8  in,  p^,=  500  psia 


just  behind  the  slot,  and  downstream  of  the  slot  with  and 
without  the  cowl. 

A  critical  issue  with  the  wall  static  pressure  upstream 
of  the  slot  is  how  well  it  represents  the  freestream  static 
pressure.  Peake  found  them  to  match  for  within  10% 
difference,  even  in  the  mixing  region  (20:8).  Assuming 
isentropic  flow  upstream  of  the  slot  (even  a  12®  bow  shock 
reduces  p^  only  -ll) ,  the  freestream  static  pressure  can  be 
calculated  by 

For  the  present  set  of  experiments  with  y  =  1*4  and  M,  =  5.76,  the 
equation  above  gives  about  a  15%  difference  when  compared  to 
the  measured  wall  pressures  as  shown  in  Table  6, 


TABLE  6 

Differences  in  Wall  and  Free  stream  Pressure 


Avg.  Measured  Calculated 

(psja)  (psjal  El  ..  (psiaJ.  I  Pllfeyepce 

200  0.18  0.16  12 

500  0.34  0.40  16 


It  is  worth  mentioning  that  pressure  port  Pfp~4,  located 
atop  the  TMI  assembly  at  x=10.5  in,  was  observed  to  have 
leakage  at  its  solder  joint.  This  caused  its  readings  to  err 
on  the  high  side  at  high  injection  pressures.  No  effect  was 
observed  at  low  values  of  p^.. 
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As  expected,  the  wall  pressure  just  behind  the  slot  (p^p- 
5)  was  dependent  on  p^j.  However,  its  measured  values  did  not 
match  the  calculated  jet  static  pressure  as  closely  as  did  the 
upstream  wall  and  the  calculated  freestream  pressures. 
Equation  (8)  was  utilized  again  with  Y“1-4  and  two  different 
values  of  to  form  Table  7. 


TABLE  7 

Differences  in  Wall  and  Jet  Pressures  Behind  Slot 


Avg. 

M-  = 

3 . 0 

_  Mj=2 . 6 

Measured 

Calculated 

Calculated 

(Dsia) 

(psia) 

D,  fosia) 

%  Ditf. 

p  ■  (psia)  jL 

Diff, 

10 

0.50 

0.27 

60 

0.50 

0 

20 

0.95 

0.54 

55 

1.00 

5 

30 

1.50 

0.82 

59 

1.50 

0 

40 

2.10 

1.09 

63 

2.00 

5 

Two  possible  explanations  for  the  large  difference  with 
Mj=3  are  offered.  Some  bowing  of  the  nozzle  top  surface  (an 
estimated  0.020=0.030  in  at  the  centerline)  was  observed  at 
the  higher  jet  total  pressures.  This  would  cause  a  lower  jet 
Mach  number  as  the  area  ratio  would  be  smaller: 

Aj  _  0.20  in  +  0.025  in  ^ 
b . 047  in  »  0.025  in 

which  from  NACA  Report  1135  (3S)  yields  M:=2.6S.  Another 
observation  was  that  the  jet  formed  a  potential  core  which 
lengthened  with  increasing  Thus,  Pfp~5  was  probably 
behind  a  shock  wave  emanating  from  the  wall  at  the  slot  exit. 
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This  would  increase  the  wall  .static  pressure  beyond  that  of 
the  jet  stream  core.  Most  likely,  a  combination  of  these  two 
factors  occurred. 

With  the  cowl  removed,  a  recompression  shock  impinged 
downstream  of  the  slot  causing  a  pressure  rise  as  shown  in 
Figures  27-29.  This  shock  impingement  moved  downstream  with 
increasing  p^^j  as  indicated  in  Table  8.  This  would  suggest 
that  Sj  from  the  theory  increases  with  injection  rate; 
however,  this  was  not  reinvestigated  in  the  theory. 


TABLE  8 

Location  of  Recompression  Shock  Inipingement 


Eoi._LBsia)  Eq.  ,(psia)  L  fin.}.  _ _ 

500  0  2  -0.100 

200  18  3.5  -0.057 

500  46  4  -0.050 


With  the  cowl  attached,  the  generated  shock  created  a 
pressure  peak  at  the  point  of  impingement.  As  shown  in  Figure 
30,  the  case  of  no  injection  results  in  a  grrdual  rise  in 
pressure  to  the  peak  starting  3.5  in  upstream  of  the 
impingement.  With  injection,  the  peak  went  higher  and  became 
more  distinct  as  shown  in  Figure  31.  The  beginning  of  the 
pressure  rise  was  delayed  by  at  least  Z  in.  Expansion  waves 
from  the  bottom  of  the  reduced  cowl  wedge,  together  with  the 
expansion  past  the  shoulder,  most  likely  caused  the  pressure 
drop  after  the  impingement  point. 
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Figure  27.  Run  3  c/L  Static  Pressure  Distribution  at 
Poi=  500  psia,  p^,=  0  psia 
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Figure  28.  Run  5  C/L  Static  Pressure  Distrib.  at  p  =  18  psia 


Figure  29.  Run  8  C/L  Static  Pressure  Distrib.  at  p  .=  46  psia 


Figure  30.  Run  10  C/L  Static  Pressure  Distrib.  at  Pq.=  0  psia 


Figure  31.  Bun  14  C/L  Static  Pressure  Distrib.  at  P|jj=45psia 
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Pitot  Pressure  Profiles.  These  surveys  provided  an 
indication  of  incoming  boundary  layer  shape,  separation 
height,  and  values  for  s,.  Since  LV  measurements  could  not 
provide  velocity  profiles,  the  pitot  pressure  profiles  were 
deemed  an  adequate  substitute. 

Recall  that  Figure  23  was  a  graph  of  the  pitot  pressure 
through  the  incoming  boundary  layer  at  Pp=200  psia.  The  shape 
at  the  bottom  of  the  curve  lead  tc  concetn  that  the  boundary 
layer  was  already  separated,  perhaps  due  to  the  2°  model 
pitch.  This  survey  was  repeated  in  Bun  51  with  little  change, 
and  another  survey  was  made  with  no  model  pitch  in  Run  53. 
The  results  are  compared  in  Figure  32  along  with  the  profile 
for  pjj=500  psia.  The  model  pitch  apparently  did  have  some 
influence,  but  the  boundary  layer  just  before  the  slot  at 


I - - - 

Figure  32.  Comparison  of  Boundary  Layer  Profiles 
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p,j=200  psia  never  appeared  to  be  turbulent.  At  the  other 
extreme,  concern  of  separation  was  alleviated  when  it  was 
noted  that  the  smallest  pitot  pressure  was  at  least  twice  the 
wall  static  pressure.  Furthermore,  Stetson  pointed  out  that 
the  "elbow-shaped"  profile  in  Figure  23  is  a  common 
consequence  of  probe-wall  interference  and  is  typical  of  a 
pitot  pressure  profile  for  a  laminar  boundary  layer  (40) .  It 
was  concluded  that  the  incoming  flow  was  laminar  for  Pjj=200 
psia  and  turbulent  for  p^=500  psia. 

When  probing  in  a  separation  bubble,  the  pitot  pressure 
was  observed  to  be  constant  and  roughly  equal  to  the  peak  wall 
static  pressure.  The  separation  height  could  be  determined 
from  the  point  at  which  the  pitot  pressure  began  to  increase. 
Figures  31  and  34  indicate  that  the  separation  height  was 
reduced  as  infection  was  increased.  From  Figure  33c), 
separation  was  nearly  eliminated  at  the  highest  TMI  flow  rate 

tested  ter  that  coit^ig.jiaLiciia 

The  boundary  layer  growth  rate  in  the  mixing  region  was 
measured  for  p^=200  psia  at  several  different  TMI  rates. 
Pitot  pressure  surveys  were  taken  2  in  downstream  of  the  slot 
for  Po,“0,  10  and  20  psia  as  shown  in  Figure  35.  Note  that  the 
surveys  for  p^^^^lO  and  20  psia  were  cut  just  short  of  the 
boundary  layer  edge,  but  one  can  extrapolate  that  they  occur 
at  z=0.64  in  and  0-75  in,  respectively.  With  <5, =0.26  in, 
h=0.20  in,  and  L=2.0  in,  values  for  s,  were  calculated  and  are 
displayed  in  Table  y. 
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Figure  33.  Pitot  Pressure  Pro^iles  at  X“i6.L  in  for  a)  Run  9 
St  0  psia,  b)  Run  li  at  7  psia,  c)  Run  12  at  15  psia 
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Figure  35.  Pitot  Pressure  Profiles  at  in  for 

°  l°Psia.  c)  Run  52 


a )  Run 
at  = 
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TABLE  9 


Determination  of  s,  Values 


Bo,-{P§ia)  64-h-HS,L  (in)  _s, _ 

0  0.46  0 

10  0.64  0.09 

20  0.75  0.14 


Schlieren  Photos.  These  photos  provided  a  valuable 
visual  aid  in  identifying  the  shocks  and  separation.  The 
schlieren  videotapes  were  also  valuable  in  establishing  trends 
with  increasing  TMI  flow  as  well  as  capturing  several  flow 
oddities  (see  the  Flow  Oddities  section). 

Figure  36  is  a  diagram  idtiPtify ing  the  various  features 
visible  in  the  schlieren  photographs.  The  freestream  flow  is 
from  the  right,  and  the  slot  exit  is  just  below  the  bolt  and 
washer  and,  in  this  case,  just  behind  the  bac)c  of  the  rear 
cow)  support.  The  cowl  is  supported  by  two  vertical  columns 
on  each  side  and  is  prt  sently  positioned  to  generate  a  shock 
iiiipiriging  near  the  shoulder.  Figures  37  and  38  show  ths 
general  flow  structure  for  the  same  configuration  without  and 
with  injection  respectively.  A  separation  bubble  appears  in 
Figure  37  from  the  slot  exit  to  the  cowl  shock.  In  Figure  38, 
this  zone  is  filled  by  the  shock  structure  of  the  expanding 
jet.  A  small  bubble  is  visible  in  the  impingement  zone,  taut 
this  is  most  likely  separation  occurring  off  to  the  sides  of 
the  4  in  slot  since  the  corresponding  pitot  pressure  profile 
indicated  no  separation.  Also,  the  incoming  (station  1)  flow 
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Figure  36.  Close-up  Diagram  of  the  Modt I  and  Flow  Field 


seems  cleaner  for  the  case  with  TMI  as  the  "white  triangle" 
above  the  slot  exit  is  bigger.  There  does  appear  to  be  some 
leakage  around  the  TMI  assembly  for  the  "jet  on"  case,  but 
this  was  believed  to  he  on  the  sides  away  from  the  centerline. 

Parametric  Tests 

During  this  series  of  tests,  the  parameters  a,  (3, 

6,  and  were  varied  to  determine  their  optimum  value.r 
for  minimizing  the  required  to  eliminate  separation. 
Incipient  separation  criteria  were  identified  and  used  to 
determine  the  controlling  for  each  test  condition.  From 
there,  the  corresponding  values  were  calculated  and 
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plotted  versus  the  other  parameters  which  permitted  a  trend 
analysis  The  parametric  tests  were  conducted  in  Runs  9-18, 
40-45,  and  54-62. 

Characteristics  of  Separation.  Figures  39  and  40  are 
schematic  diagrams  of  the  shock-boundary  layer  interaction  on 
a  flat  surface  with  and  without  separation,  respectively.  In 
both  cases,  the  incident  shock  only  penetrates  down  to  the 
sonic  line  of  the  boundary  layer.  In  the  subsonic  region 
along  the  wall,  the  higher  pressure  behind  the  shock  feeds 
upstream  of  the  impingement  to  some  extent.  Figure  39  shows 
a  separation  bubble  which  is  bounded  by  a  separation  point,  S; 
a  reattachment  point,  R;  and  a  dividing  streamline,  DSL.  The 
bubble  of  reversed,  nearly  stagnant  flow  generates  a  separ¬ 
ation  shock  well  forward  of  the  incident  shock  impingement. 
VVithout  separation,  a  "sonic  line  bubble"  still  exists  as 
shown  in  Figurs  40  causing  compression  and  a  reflected  shock 
just  ahead  of  the  impingement.  However,  this  compression  is 
much  closer  to  the  impingement  than  for  the  case  with  separ¬ 
ation.  Also,  the  flow  field  with  separation  is  much  more 
complex  with  a  separation  shock,  expansion,  recovnpression,  and 
a  slip  line  whereas  without  separation  there  is  essentially 
only  a  reflected  shock. 

Incipient  separation  is  defined  as  the  onset  of  reversed 
flow  near  the  wall.  Figure  41  shows  that  it  occurs  at  the 
point  where  the  velocity  gradient  at  the  wall  in  the  normal 
direction  is  zero.  Thxs  is  also  the  point  where  there  is  no 
skin  friction  stress  since  -  6u/dyl^. 
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Figure  4i,  Velocity  Profiles  for  a)  Separated  Flow, 
b)  Incipient  Separation,  and  c)  Attached  Boundary  Layer 

Holden  attempted  to  determine  incipient  separation  points 
by  measuring  skin  friction  but  failed  due  to  the  turbulent 
flow  unsteadiness  (14:4).  Other  investigators  have  tried  a 
variety  of  techniques,  including  inspection  of  wall  pressure 
disti.  i(./utiuii5»,  pitot  pressure  probing,  and  flow  visualization 
(e,g.  schlieren,  shadowgraph,  and  hoi ographic  interferometry). 
These  have  met  with  limited  success  as  the  results  always 
contained  a  certain  degree  of  ambiguity  (15:73-75).  Delery 
and  Marvin  suggested  that  laser  doppier  velocimetry  (LDV)  may 
provide  more  definitive  data  (15:75). 

Ing.lEi.eiLt _ SepjLrat  ign_  ■  ..Cr  Itcjdle.  ■  Six  criteria  were 

identified  and  used  in  this  effort.  Three  of  them  involved 
the  wall  (centerline  static)  pressure  distributions,  two  used 
pitot  pressure  probing,  and  one  was  the  inspection  of  the 
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schlieien  | .hut  os/ u  I (ieotapo .  Tb^y  ai  e  lir-ted  below  in  the 
ordei  th-Du^ht:  to  be  ttie  If.ist  definit  ive  to  the  most 
definitive. 

1)  Ze.ro^_  Sj.oiie  -  the  point  wtiere  th  :5  static  pressure 
distribui  ion  tias  a  zero  slope  just  prior  to  tht  sharp  rise 
correspoi'd  i  nq  to  shock  imp  i  •■.qement .  I'his  'cnld  indicate  that 
on  a  gioss  scale,  the  high  pressure  behind  the  shock  is  no 
longer  feeding  upstream  al  ng  the  »  il'  and  that  separation  t  is 
been  eliminated.  Figure  42  is  -i  ropresentat  i .  e  example  where 
separation  was  eliminated  ai  =2'  pnia. 

2)  Inflection  Elimination  the  point  wheie  ai  inflection  (if 
present)  alone  the  .  i  se  to  the  peak  in  the  cent  u  line  st  itit: 
pre.ssure  distribution  is  eliminated.  A  con.i  i  ess  i  on  al  >i  •  the 
wall  prior  to  tliC  shock  impingement  will  always  occur  whether 
caused  by  a  separation  or  sonic  line  bubble.  If  separation  is 
present,  the  wall  pressure  ojii  be  somewhat  const.int  in  that 
zone.  This  causes  an  inflection  or  plateau  as  the  "lev.  jing- 
off"  is  then  followed  by  a  rise  corresponding  tc  th<_  ia; 
ment.  When  the  initial  bubble  merges  with  the  impingement 
rise,  separation  is  eliminated.  This  has  been  the  most 
popular  technique  used  in  previous  efforts  (I  3:74 j,  however, 
for  the  current  effort  this  c  -  rrence  seemed  undependable  and 
was  not  observed  for  every  run  -  perhaps  due  to  insuffic  ent 
pressure  ports.  Figure  43  is  a  representative  exampie  where 
separation  was  eliminatea  between  p^^=36  psia  and  47  psia. 

3)  Unchanainc  Pressure  -  the  point  where  the  centerline 
static  pressure  just  before  the  impingement  rise  (usually  the 
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port  prior  to  the  peak)  no  longer  changes  with  increasing  TMI 
rate.  This  criterion  is  a  modification  of  the  first  since  the 
pressure  slope  may  never  reach  zero  if  the  bubble  rise  zone  is 
large  or  if  the  shock  impinges  close  to  the  TMI  slot. 
Increasing  the  injection  rate  reduces  the  forward  extent  of 
the  separation  bubble  until  the  sonic  line  bubble  is  reached. 
Further  increasing  TMI  has  no  effect  on  the  pressure  here,  and 
separation  is  considered  to  be  eliminated.  An  example  of  this 
is  shown  in  Figure  4  4  where  the  controlling  p^.  per  this 
criterion  is  18  psia. 

4)  Bubble  Elimination  -  the  point  where  the  separation  bubble 
is  eliminated  as  evidenced  by  the  schlieren  photos  and  video¬ 
tape.  The  changing  shock  patterns  in  the  videotape  permitted 
identification  of  the  separation.  Occasionally,  a  near 
instantaneous  flow  switch  gave  a  clear  indication  of  when  the 
incipient  separation  point  was  reached  as  TMI  flow  was 
increased.  The  schlieren  photos  provided  a  closer  and  cleaner 
view  of  the  impingement  zone;  however,  both  the  photos  and 
video  were  obscured  by  the  side  effects,  since  the  injection 
slot  was  only  4  in  wide  in  the  center  of  the  model  while  the 
shock  generator  was  13  in  wide.  The  cowl  supports,  lighting, 
focus,  data  correlation  (videotape  only) ,  and  run  time  also 
led  to  problems  in  applying  this  criterion.  Run  32  is  a  good 
example  of  how  this  criterion  was  applied  in  selecting  the 
controlling  p^j  of  6  psia.  Figure  46  is  a  schlieren  photo  that 
was  taken  just  after  a  rapid  flow  switch,  and  the  apparent 
separation  in  the  p„j=0  psia  photo  (Figure  45)  is  filled  by  a 
perfectly  expanded  jet. 
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Figure  45. 


Run  32  Schiieren  Photo  at  Poj=0  psia 
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5)  Sharp  Pise  -  the  point  where  a  sharp  rise  in  impingement 
pitot  pressure  (with  the  probe  in  the  middle  of  the  separated 
region  just  off  the  surface)  was  observed  as  TMI  total 
pressure  was  increased.  The  sharp  rise  indicates  that  the 
separation  shock  was  eliminated  and,  thus,  separation  as  well. 
This  method  was  only  applied  to  a  limited  set  of  runs  as  the 
probe  appeared  to  interfere  with  the  centerline  static 
pressure  port  readings.  Figure  47  is  a  representative  example 
where  the  separation  was  eliminated  at  p^p7.7  psia. 

6)  Positive  Slope  -  the  point  where  a  positive  slope  is  first 
detected  in  the  impingement  pitot  pressure  profile  near  the 
wall  (i.e.  <3pydzij^Q>  which  implies  3u/dz|^>0).  As  shown  in 
Figure  41,  this  is  perhaps  the  best  physical  description  for 
incipient  separation.  However,  only  several  (if  any)  surveys 
to  obtain  profiles  could  be  m.ade  per  run  due  to  run  time 
limitations.  Figure  48  is  an  example  of  a  pitot  pressure 
profile  at  the  point  of  incipient  separation. 

Determination  of  Controlling  TMI  Rate.  Table  10  shows 
how  each  criterion  was  used  in  determining  the  controlling  p^^ , 
which  directly  led  to  the  controlling  mass  injection  ratio  for 
each  test  matrix  run  (TMR) .  "X's"  indicate  criteria  that  were 
used  to  arrive  at  the  specific  controlling  p^^^  value.  "M's" 
imply  the  chosen  met  the  criteria,  but  did  not  help  in 
selecting  its  value.  A  blank  means  the  criterion  could  not  be 
applied  either  due  to  insufficient  data  or  no  clear  match  to 
the  criterion.  A  '’C"  suggests  that  the  criterion  conflicted 
with  the  chosen  p^j,  but  insufficient  data  precluded  choosing 
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Figure  47.  Run  58  Pitot  Pressure  vs.  Injection  Pressure 
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Figure  48.  Run  38  Pitot  Pressure  Profile  at  X=12.6  in, 
Poj=  ^-2  psia 
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a  new  value.  A  number  suggests  that  the  criterion  conflicted 
with  the  chosen  p^.  and  the  new  value  it  indicates.  An  "e" 
denotes  that  the  value  was  estimated,  usually  by  extrapolating 
the  existing  data.  Appendices  F-I  contain  the  charts  and 
photographs  to  which  the  criteria  were  applied  and  from  which 
the  controlling  values  were  selected. 

Not  all  of  the  criteria  were  always  met  as  shown  in  Table 
10.  In  fact,  there  was  not  a  single  instance  where  all  six 
criteria  indicated  the  same  controlling  p^^ ,  and  only  once  were 
five  of  the  six  criteria  consistent  (TMR  23).  In  all,  19  of 
the  29  parametric  test  runs  had  at  least  one  criterion  that 
conflicted  with  the  others.  This  conflict  v;as  just  one  source 
of  ambiguity.  The  other  was  interpolation  between  the  p^.  test 
points  in  applying  the  criteria  to  the  graphs  and  photos. 
These  two  factors  were  used  to  estimate  an  uncertainty  for  the 
controlling  p^^  for  each  TMR.  This  led  to  a  potential  error 
band  on  each  controlling  mass  injection  ratio  data  point. 

Although  the  criteria  1-6  were  arranged  from  least 
definitive  to  most  definitive,  the  most  definitive  criteria 
were  not  always  used  to  select  the  controlling  p^^ . 
Occasionally,  the  data  was  suspect  or  did  not  exactly  match 
the  more  definitive  criteria.  For  instance,  in  Run  23  the 
schliere.n  photo  for  p^^=3  5  psia  appeared  to  show  shock-induced 
separation,  but  this  may  have  been  off  to  the  sides  of  the  4 
in  slot.  Since  criterion  1  was  almost  exactly  satisfied  at 
Pjj^  =  36  psia,  it  was  used  to  select  the  controlling  p^^ . 
Another  condition  under  which  the  most  definitive  applicable 
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criterion  was  not  used  occurred  wiien  several  less  definitive 
criteria  supported  a  common  controlling  injection  pressure. 
TMRs  19,  30,  and  38  were  exampJes  of  this  situation. 

Another  problem  in  applying  the  criteria  arose  for  the 
runs  where  the  cowl  shock  impinged  downstream  of  the  shoulder. 
For  these  cases,  separation  was  apparently  present  both 
forward  and  aft  of  the  shoulder.  A  decision  was  made  to 
identify  the  controlling  p^^  with  elimination  of  only  the 
separation  aft  of  the  shoulder,  since  that  is  the  entrance  to 
the  combustor  where  non-separated  flow  is  more  important. 
Thus,  all  pitot  surveys  and  criteria  applications  were  made  in 
this  region  for  the  particular  runs  with  . 

Once  the  controlling  p^^  was  determined,  the  controlling 
mass  injection  ratio  (>''tmi/''’'cap)  calculated  using  the 

approach  in  the  Appendix  C  Calculation  of  Intermediate 
Variables  section.  With  the  inputs 

Y,=1.4  Yj=1-4 

M,  =5.76  =J 

T  =1000°R  T  =530°R 

01  Oj 

the  following  variables  were  calculated: 

jet  conditions 
T  =189 . 3  °R 

I 

p  =0.02722 

PpO. 0003883  p^j  Ibyft^'psia 
Uj=2023  ft/s 

m,^, =0.01309  p„,  Ibyft-s-psia 
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inlet  conditions 


T,  =  131, 

0 

0 

u,  =  3230 

ft/s 

,  =  200 

nsia 

f  <5=0 

.26in) 

P.,  =  500 

psia 

( 6=0 . 201 n) 

p,=0. 

1626 

psia 

1 

c 

] 

0 

4065 

psia 

r,=o. 

003352  Ibyft^ 

0 

11^ 

Q. 

00837 

'9  Ibyft^ 

^CAP~- 

L  .804 

Ibyft-s 

"’CAP=‘ 

4.511 

Ibyffs 

ItTMI 

=  n . nn7?5fi 

Poi 

^TMI 

=  n.nnpqn?  J 

^CAP 

psia 

^CAP 

psia 

Thus,  the  controlling  mass  injection  ratios  depended  solely  on 
Pg,  and  since  none  of  the  other  associated  parameters  were 
varied . 

Other  items  to  note  from  Table  10  include  the  0,  a, 

and  /3  values  and  the  TMRs  where  the  controlling  p^^  was  never 
reached.  The  slot  to  theoretical  (inviscid)  shock  impingement 
distances  were  not  exactly  and  as 

originally  planned  but  more  like  0.7L5„„,  0.9L5„^,  and  l.OSL^^p. 
However,  since  the  boundary  layer  separation  tended  to  push 
the  actual  shock  impingement  slightly  downstream,  the 
schedule  from  Table  5  was  deemed  satisfactory.  Adjustments 
were  made,  however,  to  have  for  TMRs  36,  37  ,  39,  and 

40-  Anoti^sir  itisni  to  nots  is  of  this  psiir^n'.otr’ic  irons 

had  0=2*^,  except  TMR  35  or  Run  40  which  was  accidentally  left 
at  0=0'’  after  the  flow  characterization  test  of  Run  39.  The 
difference  was  deemed  insignificant.  Also,  Runs  56-60,  which 
were  repeat  runs  to  clarify  some  previously  ambiguous  data. 
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wex'c  made  with  the  12°  aft  wedge  piece  (q-12°)  while  the  cowl 
W'as  set  for  a  15°  deflection  (0=15°)  .  Ideally,  the  15°  aft 
wedge  should  have  been  used  for  good  comparison  with  the 
corresponding  previous  runs,  but  this  would  have  required 
several  days  of  work  in  pressure  tube  switching  which  could 
not  be  afforded  in  the  facility  schedule.  Upon  inspection  of 
the  pressure  distributions,  close  agreement  was  found  between 
the  repeat  and  previous  runs  despite  the  difference  in  a. 
Even  in  the  most  affected  case  (TMR  23,  where  the  shock 
impinged  past  the  shoulder)  the  graphs  indicated  the  same 
general  controlling  .  The  last  item  to  note  from  Table  10 
is  the  nine  TMRs  for  which  separation  could  not  be  eliminated 
with  any  amount  of  TMI  tested.  Uncertainties  were  not 
estimated  for  these  cases  since  the  controlling  p^^  was  never 
reached  (although  it  had  to  be  greater  than  the  upper  limit 
tested) .  Also  note  that  an  extrapolation  was  made  for  TMR  12 
in  going  from  p^^  to  mj^,/m^^p  so  that  the  curve  in  Figure  50 
could  be  more  easily  represented. 

Trend  Analysis.  As  stated  before,  the  primary  objective 
of  this  project  was  to  determine  the  optimum  for  the  given 
freestream  and  jet  conditions.  The  secondary  and  necessary 
intermediate  objective  was  to  determine  the  controlling 
under  various  inlet  geometries.  Although  the  average 
uncertainty  in  determining  this  rate  was  ±35%,  trends  were 
discerned.  The  test  results  indicate  that  certain  values  of 

6,  a,  and  0  led  to  a  smaller  injection  rate  for  control 
of  separation  but  had  no  apparent  affect  on  the  optimum  slot 
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location.  The  trends  for  all  six  of  these  parameters  are 
presented  in  Figures  49-54  .  In  these  figures,  the  x-axis 
or  Ljnk)  is  normalized  to  the  slot  height  (h=0.20  in)  and  the 
y-axis  (m^^i)  is  normalized  to  the  captured  inlet  mass  flow 
rate  (m^-^p)  .  The  curves  were  drawn  by  the  GRAPHFR  program  with 
either  a  cubic  spline  or  a  second-order  polynomial  fit  of  the 
data  points.  The  uncertainty  bands  from  Table  10  were  left 
off  of  the  figures  for  purposes  of  clarity. 

As  alluded  to  earlier,  the  optimum  relative  slnt/shoulder 
location  was  considered  to  be  the  point  at  which  the 
controlling  mass  injection  rate  was  minimized.  The  results 
would  have  been  surprising  at  the  time  that  the  model  was 
designed  (with  a  L5j,g=2-5  in  range)  but  were  exactly  as 
expected  after  a  theory  was  derived.  From  Figure  49,  the 
downward  trend  of  the  curves  indicates  that  the  optimum 
lies  between  0  and  10  slot  heights  and  probably  reaches  a 
minimum  midway  in  between,  although  this  region  was  not 
actually  tested.  Figure  52  further  indicates  that  the  best 
value  for  minimizing  TMI  is  5-6h,  and  if  "shock  on 
shoulder"  is  indeed  the  ideal  condition,  then  perhaps  the 
optimum  is  5-6h.  One  should  note  that  the  data  points  in 

Figure  49  had  values  that  ranged  from  0.3-0.92  but 

were  considered  to  be  "shock  on  shoulder"  as  explained  in  the 
previous  section.  A  graph  similar  to  Figure  49  could  not  be 
made  for  a=/3=12°  since  each  5  curve  had  only  one  valid  data 
point  (at  Lj„g=2  in)  .  In  fact,  there  is  some  evidence  from  the 
schlieren  video  that  the  controlling  p^.  was  never  reached  for 
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Figure  49.  Controlling  Mass  Injection  Ratio  vs. 
Slot  Location  for  Shock  on  Shoulder,  a  — 8=1^^ 
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Figure  50.  Controlling  Mass  Injection  Ratio  vs. 
Shock  Location  for  LsKR^Sin, 


Shock  Location  for  LsHR~2in, 


Figure  52.  Controlling  Mass  Injection  Ratio  vs. 
Shock  Location  for  LsHR=2in,  a-6-12'' 


Figure  53.  Controlling  Mass  Injection  Ratio  vs. 
Shock  Location  for  LsHR^Sin,  (5-0.26in 
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Figure  54.  Controlling  Mass  Injection  Ratio  vs. 
Shock  Location  for  LsHR=2in,  6=0.20in 


a=/3=15'’  at  Lj„r=3  in  for  both  5  cases  (Runs  22  and  23)  . 
Despite  these  complications,  it  is  clear  that  the  optimum 
for  minimizing  the  TMI  required  to  eliminate  separation  was 
less  than  lOh  and  most  likely  5-6h  regardless  of  the  a,  /3,  <5, 
and  values. 

From  the  equations  and  calculations  used  in  the  previous 
section,  one  can  find  that  the  values  m,„|/m^^p=0 . 04  3 ,  0.100, 

and  0.160  correspond  to  the  conditions  of  matching  static 
pressures  (Pi=Pj)  ,  matching  mass  fluxes  (p,u,=PjUj),  and 
matching  momentum  fluxes  ( p,u,‘=PjU^^)  ,  respectively.  Thus, 
roughly  speaking,  the  lines  m,|^|/mj.^p=0 . 05 ,  0.10,  and  0.15  in 

the  graphs  have  some  physical  significance.  From  the  test 
results  and  Table  10,  the  smallest  value  of  the  controlling 
’^TMi/”'cAP  0.029  (TMR  35/Run  40).  This  corresponded  to  the 

conditions  L5„p=10h,  L5„^=5h,  !S=h,  and  a=p=12°  which  were  the 
smallest  values  tested  for  all  parameters.  This  is  a  good 
indication  of  what  the  three  remaining  trends  will  be.  Most 
of  the  lower  controlling  m^„|/mj.^p  values  hovered  around  0.043. 
Operationally,  this  suggests  that  when  the  parameters 
mentioned  above  are  near  their  optimal  values,  running  the  TMI 
at  a  matching  pressures  condition  is  appropriate.  This  is 
rather  fortunate  since  no  slot  lip  shock  would  be  created, 
thus,  avoiding  a  potential  source  of  inlet  inefficiency. 

The  results  for  shock  impingement  position  relative  to 
the  shoulder  provided  the  biggest  surprise  of  the  whole 
project.  They  indicate  that  "shock  on  the  shoulder"  may  not 
lead  to  shock  wave  cancellation  (with  no  flow  separation)  nor 
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to  even  the  smallest  controlling  TMI  rate.  Figures  50-52 
suggest  that  shocks  impinging  in  the  range  . -0 . 75-1 . 02 
required  the  most  injection  to  control  the  separacion  while 
shocks  impinging  closer  to  the  slot  or  aft  of  the  shouluer 
were  easier  to  control.  This  finding  impacts  both  the 
theoretical  and  experimental  optimal  determination,  which 
presumed  that  the  ideal  flow  geometry  was  the  cowl  shock 
hitting  on  or  near  the  shoulder.  Indeed  this  may  still  be  the 
ideal  condition  for  inlet  efficiency,  but  it  is  apparently  not 
so  for  minimizing  TMI  to  eliminate  separation.  Also,  although 
a  shock  hitting  past  the  shoulder  would  have  a  smaller 
effective  and  less  separation,  a  shock  hitting  closer  to  the 
slot  seemed  to  require  slightly  less  injection  for  control. 
Since  no  data  was  collected  on  i.nlet  efficiency  or  on  whether 
a  shock  impingement  closer  to  the  slot  or  aft  of  the  shoulder 
was  more  effective,  no  further  modification  could  be  made  to 
the  optim.al  -  theoretical  or  expei  iruentai  .  Also,  no  tests 
were  conducted  for  L5„|^/L5„p<0 . 5  or  >1.05,  which  from  the  trends 
may  have  offered  at  least  as  small  or  even  smaller  controlling 
mass  injection  ratios. 

The  incoming  boundary  layer  thickness  had  an  influence  on 
the  controlling  mass  injection  rate.  The  smaller  thickness 
(6=0.20  in)  almost  always  required  the  smaller  TMI  rate  to 
control.  This  was  expected  since  the  smaller  6  has  less 
m  )mentum/energy  deficit  that  needs  to  be  filled  by  the  TMI. 
The  assessment  that  the  6---0.20  in  case  was  turbulent,  whereas 
the  6=0.26  in  case  was  laminar,  may  also  have  been  a  factor  as 
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indicated  by  Schetz,  et  al  (12:37).  Another  observation  that 
was  a  little  more  surprising  was  that  the  6  curves  of  Figures 
50-52  seemed  tc  converge,  just  aft  of  the  shoulder.  Perhaps, 
the  initial  upstream  boundary  layer  no  longer  matters  once  the 
corner  is  turned,  since  <5,^  is  bounded  more  by  the  cowl  shock 
impinging  past  the  shoulder. 

The  influence  of  the  flow  turning  angle,  a,  and  cowl 
deflection  angle,  /?,  are  shown  in  Figures  53  and  54.  The  data 
curves  for  these  are  taken  directly  from  Figures  51  and  52  so 
that  the  variation  of  a  and  p  can  be  compared.  As  mentioned 
in  the  previous  section,  the  3°  variation  of  a  had  little 
influence;  thus,  it  is  believed  that  p  was  the  prime  factor  in 
Figures  53  and  54.  These  graphs  indicate  that  the  smaller  P 
leads  to  a  smaller  controlling  TMI  rate  for  Lj.„n/h<7.5  or 
L5^^/L5hr<0  •  75 .  This  was  expected  since  a  smaller  cowl  shock 
angle  implies  a  smaller  extent  of  shock-induced  separation  on 
a  flat  surface,  which  requires  less  injection  to  eliminate. 
The  crossover  of  the  curves  just  forward  of  the  shoulder  may 
be  due  to  the  greater  relief  offered  by  0-15°  as  the 
separation  begins  to  straddle  the  shoulder.  However,  more 
than  likely,  the  ^=15°  curves  (drawn  v/ith  a  second  ord^r 
pelynomial  fit)  suffer  from  a  lack  of  data  in  the  Lj„^,/h=8-10 . 5 
range.  Further  testing  may  reveal  the  same  trends  as  for  the 
P~-12°  curves  (see  Figure  52)  . 

Flow  Oddities 

During  the  course  of  wind  tunnel  testing  several  flow 
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oddities  were  observed  and  recorded  on  the  schlieren  videotape 
-  five  inlet  unstarts  and  eight  rapid  flow  "switches".  The 
unstarts  were  likely  attributable  to  facility  and  inlet 
geometry  problems.  Meanwhile,  the  flow  switches  were  probably 
a  good  indication  that  a  separation  bubble  was  eliminated. 

Inlet  Unstart.  Inlet  unstart  was  encountered  in  Runs  19, 
24,  25,  44,  and  58.  In  Runs  19  and  44,  the  unstarts  occurred 
near  the  end  of  the  tests  as  the  vacuum  sphere  back  pressure 
built  up  to  a  point  where  the  flow  and  shock  waves  became 
unsteady.  In  the  case  of  Run  44,  the  instant  that  the  TMI  was 
reduced  the  inlet  unstarted;  while  in  Run  19,  the  entire 
tunnel  flov/  appeared  to  unstart  once  the  sphere  pressure  got 
too  high.  For  Runs  24,  25,  and  58,  the  inlet  appeared  to 
unstart  with  the  initiation  of  TMI  flow.  In  all  three  cases, 
the  test  conditions  were  nearly  the  same  with  Lj„|,=2  in,  6=0.26 
in,  and  ^3=15°.  The  only  differences  were  that  Runs  24  and  25 
had  Lch^=1.6  in  and  Run  58  had  I,5^|,=2.i  in  and  a=12®.  Recall 
that  the  cowl  was  "cut-off"  to  reduce  tunnel  blockage;  the 
combination  of  and  values  in  these  runs  meant  that  the 
X  location  of  this  cowl  cut-off  point  nearly  coincided  with 
that  of  the  TMI  slot.  With  /3=15®  these  runs  had  the  maximum 
contraction  ratio  of  1.6,  which  was  right  at  the  limit  for 
inlet  self-starting.  The  rearward  facing  step  probably 
provided  some  relief,  but  once  TMI  was  turned  on,  that  relief 
was  partially  eliminated  causing  unstart.  The  presumed 
laminar  flow  of  the  6=0.26  in  runs  may  also  have  been  a 
factor. 
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In  Run  24,  the  inlet  did  not  restart  when  TKI  was  cut  off 
but  did  start  when  the  model  was  ejected  and  re-injected  into 
the  tunnel  flow.  However,  once  again  the  inlet  unstarted  upon 
TMI  initiation.  It  was  hypothesized  that  since  this  was  the 
first  run  at  in,  perhaps  the  capture  cone  was  not 
capturing  all  of  the  shocks  and  flow.  Thus,  the  entire  model 
was  moved  back  2  in  in  the  tunnel  for  Run  25.  Apparently, 
this  solved  the  problem  and  two  pitot  surveys  were  made  with 
TMI  on.  However,  later  review  of  the  videotape  indicated  that 
indeed  the  inlet  had  unstarted  at  about  the  time  of  TMI  turn¬ 
on,  albeit  in  a  more  subtle  manner.  In  Run  58,  the  unstart 
was  apparently  caused  by  a  rapid  TMI  increase  to  p^^sjio  psia 
(an  accidental  overshot  of  the  starting  target  of  6  psia) .  A 
second  attempt  was  made  this  time  gradually  increasing  the 
injection  pressure.  After  a  rapid  flow  switch  at  p^.=7.7  psia, 
the  pressure  was  increased  1  psia  at  a  time  up  to  15  psia 
without  inlet  unstart. 

Rapid  Flow  Switches.  Rapid  flow  switches  in  the  separ¬ 
ation  region  occurred  in  Runs  28,  31,  32,  34,  38,  58,  59,  and 
60.  These  near  i.nstantaneous  changes  in  shock  structure  were 
believed  to  correspond  to  the  elimination  of  separation  as  the 
Pjj.  at  the  time  of  the  switch  appeared  to  match  the  results  of 
the  other  criteria  for  incipient  separation.  It  is  also 
interesting  to  note  that  was  2  in  for  all  of  these  runs 
and  6=0.26  in  for  all  but  Runs  31  and  60  (TMR  26).  This 
combination  was  present  for  the  three  unstarts  apparently 
caused  by  TKI  initiation.  Perhaps,  these  conditions  created 
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an  unstable  flow,  but  more  than  likely  the  shock  impingement 
was  close  enough  to  the  slot  such  that  when  the  jet  stream 
static  pressure  rose  higher  than  the  separation  bubble 
pressure  the  separation  shock  was  eliminated  and,  hence, 
separation  also  eliminated. 

Comparisons 

The  test  results  matched  the  theory  and  experimental 
results  from  other  projects  quite  well.  The  experimental 
optimum  slot  location  and  other  trends  were  compared  to  the 
theoretical  results  and  the  results  of  other  projects  whose 
principal  investigators  were  Peake,  Ogorodnikov,  and  White. 

Theory .  The  optimum  slot-to-shoulder  distance  predicted 
by  the  superposition  mixing,  maximum  wake  theory  was  5-65, 
while  the  experimental  results  indicated  5-6h.  These  two  are 
identical  for  the  5=h  case  and  reasonably  close  for  the  5=1. 3h 
case.  Actually,  was  not  tested  at  less  than  lOh,  and  it 
was  only  speculated  that  its  optimum  was  not  dependent  on  5 
based  on  Figure  52  (where  the  two  5  curves  for  shock  position 
appeared  to  bottom  out  at  the  same  .  Thus,  experiment¬ 
ally,  there  may  have  been  a  variation  of  the  optimum  due 
to  5.  On  the  other  hand,  the  theory  could  also  have  been 
manipulated  to  yield  no  5  dependency.  Had  the  freestream 
boundary  condition  p^Up=p,u,  been  used  to  derive  the  optimum 
slot  location  as  described  in  Appendix  C,  Figure  14  would  have 
had  a  single  vertical  line  between  5h  and  6h.  At  this  point, 
the  evidence  is  inconclusive  as  to  whether  or  not  the  optimum 
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has  a  6  dependency,  so  the  theoretical  and  experimental 
results  were  left  as  is  but  still  relatively  close. 

The  optimal  values  for  the  other  parameters  also  matched 
the  theoretical  expectations,  except  for  shock  position.  The 
experimental  results  suggested  that  the  "shock  on  the 
shoulder"  condition  may  not  be  the  ideal  condition,  at  least 
for  minimizing  the  controlling  TMI  flow  rate.  From  a 
theoretical  (inviscid)  viewpoint,  shock  on  the  shoulder  would 
lead  to  wave  cancellation  and  maximum  pressure  recovery.  The 
situation  that  actually  appears  to  dominate  is  that  the  jet 
becomes  less  and  less  effective  at  maintaining  attached  flow 
as  the  shock  is  moved  downstream  (explained  by  Figures  2,  12, 
and  13);  then,  as  the  forward  extent  of  the  separation  (just 
ahead  of  shock  impingement)  begins  to  occupy  the  relief  aft  of 
the  shoulder,  the  required  injection  rate  to  eliminate  it  is 
reduced.  The  optimal  shock  position  was  not  determined,  but 
it  certainly  did  not  appear  to  be  in  the  range  . 75- 
1.02  for  minimizing  TMI.  Regardless  of  where  the  optimal 
shock  position  is,  the  optimal  from  theory  and  experiment 
which  presumed  shock  on  shoulder  would  be  adjusted  equally. 
The  boundary  layer  thickness  trend  matched  the  theoretical 
prediction  -  a  thicker  initial  boundary  layer  required  more 
mass  injection  to  eliminate  separation.  Similarly,  the 
steeper  cowl  deflection  angle  and  greater  inlet -combustor  flow 
turning  angle  created  a  larger  separation  zone  and  required 
more  TMI  to  control,  just  as  predicte  i. 
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other  Experimental  Data.  Recall  from  the  introduction 
chapter,  that  Peake  (20)  found  the  optimum  distance  between 
the  injection  slot  and  shock  impingement  to  be  6<5.  In 
essence,  the  results  of  the  current  project  are  the  same  with 
5-6h  and  hs:(5 .  Since  shock  on  the  shoulder  was  presumed,  this 
also  turned  out  to  be  the  optimum  slot-to-shoulder  distance. 
The  closeness  of  these  results  is  remarkable  considering  that 
Peake's  conditions  were  M,~1.8  and  M.=2.37,  whereas  the  present 
conditions  were  M,=5.76  and  M^  =  3.  It  suggests  that  an 
injection  slot  can  be  positioned  at  a  fixed  location  on  a 
scramjet  inlet  and  be  effective  in  eliminating  separation  over 
a  relatively  large  flight  Mach  number  range. 

Results  from  the  optimum  (controlling)  mass  injection 
rate  also  closely  matched  those  of  other  projects.  For  the 
favored  conditions  of  L5„^/L5„5,=0 . 5-0 . 6  and  L5„^  =  10h  in  the 
present  set  of  experiments,  the  controlling  mass  injection 
rate  ranged  from  3  to  6%  of  the  captured  mass  flow,  depending 
on  the  values  of  5  and  P  (the  smaller  values  of  i5  =  0,20  in  and 
p-l2°  gave  3%,  and  the  higher  values  of  5=0.26  in  and  )3=15° 
gave  6%)  .  A  Soviet  team  led  by  Ogorodnikov  tested  an 
axisymmetric  inlet  model  and  found  that  the  controlling  mass 
injection  rate  ratio  was  3%  for  virtually  the  same  freestream 
and  jet  Mach  numbers  and  p=10°  (22:30).  Apparently,  the  type 
of  inlet  -  planar  versus  axisymmetric  -  does  not  make  much 
difference  in  the  amount  of  injection  required  to  eliminate 
the  cowl  shock  induced  separation.  Two  experiments  led  by 
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White  with  planar  models  incorporating  Mach  3  air  injection 
also  were  in  close  agreement  with  the  current  injection  rates. 
In  the  first  experiment.  White  found  that  a  TMI  flow  rate  4-5% 
of  the  captured  flow  rate  eliminated  separation  for  freestream 
flows  of  M,=4  and  5  and  with  /?=10^  (2:6)  .  In  the  second  series 
of  tests  with  /3  =  11°,  he  found  that  the  controlling  mass 
injection  ratio  was  2-3%  for  M,=6  (23,24:1-10)  and  0%  for  M,=8 
and  10  (24:1-8).  Furthermore,  for  M,=6,  White  found  that  by 
increasing  the  TMI  ratio  to  6%,  the  static  pressure  recovery 
of  the  inlet  was  improved  25%  (24:1-21).  Thus,  all  applicable 
data  appears  to  fall  within  the  3-6%  range. 

There  were  other  similarities  to  White's  experimental 
observations,  white  observed  a  sudden,  dramatic  change  in  the 
inlet  flow  field  leading  to  steady  shocks  in  the  isolator  duct 
which  were  associated  with  the  elimination  of  separation 
(2:5).  This  is  likely  the  same  rapid  flow  switching 
phenomenon  encountered  in  the  present  project.  Another 
similarity  is  that  hysteresis  was  not  observed  in  the 
separation  extent  or  the  incipient  separation  point  as  the  TMI 
flow  was  increased  and  subsequently  decreased  (2:5). 
Furthermore,  White  noted  during  his  Mach  6  runs  that  when  the 
cowl  shock  impinged  at  or  near  the  shoulder,  more  injection 
was  required  to  eliminate  separation  than  when  the  shock 
impinged  halfway  between  the  slot  and  shoulder  (23).  This 
confirms  the  current  finding  that  the  optimal  shock  positio.n 
for  minimal  TMI  may  not  be  shock  on  the  shoulder. 
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The  only  incongruity  found  between  these  results  was  that 
White's  second  experiment  had  L5^|,=4  4.2h  and  demonstrated  TMI 
effectiveness  at  M,=6,  while  the  present  results  indicate  that 
TMI  is  only  economically  effective  for  Lj^p<20h  (see  Figure 
49)  .  This  suggests  that  the  optimum  may  in  fact  be  more 

dependent  on  <5  than  on  h.  However,  since  White's  in  terras 
of  6  is  still  at  or  above  the  high  end  of  the  present 
ef festivity  range,  the  optimum  is  likely  dependent  on  some 
combination  of  factors  that  are  not  readily  apparent.  Without 
a  definitive  dependence,  the  experimental  result  for  optimum 
was  left  in  terms  oi  slot  heights. 


VI .  SUMjMARY 


This  chapter  presents  the  conclusions  and  recommendations 
resulting  from  this  project.  The  conclusions  address  the 
primary  objective  of  determining  the  optimal  slot  location  and 
the  secondary  objective  of  defining  trends  in  the  controlling 
mass  injection  rate.  The  recommendations  cover  areas  that 
require  further  study/investigation  and  specific  advice  for 
follow-on  work  with  the  same  or  similar  model/facility  set-up 
used  here. 


Conclusions 

The  primary  objective  of  this  project  was  to  determine 
the  optimum  slot  location  for  using  tangential  mass  injection 
to  eliminate  the  flow  separation  induced  by  the  c  wl  shock 
impingement  in  a  scramjet  inlet.  Prior  to  starting,  the  best 
guess  for  the  optimum  slot  location  was  10-25  times  the 
initial  boundary  layer  thickness  upstream  of  the  shoulder.  It 
was  thought  to  vary  not  only  with  boundary  layer  thickness  but 
also  with  shock  impingement  position,  cowl  deflection  angle, 
inlet  flow  turning  angle,  and  perhaps  several  other  parameters 
not  tested  here*.  The  background  research  and  theoretical 
development  suggested  an  optimum  value  of  5-66,  varying  only 
with  boundary  layer  thickness  and  presuming  shock  on  the 
shoulder.  The  actual  test  results  on  a  2-D  model  at  a  flight 
Mach  number  of  8  (inlet  Mach  5.8)  and  injection  Mach  number  of 
3  indicated  an  optimum  slot-to-shoulder  distance  of  5-6  slot 
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heights  (where  h~4)  with  no  dependencies  except  possibly  on 
shock  position.  Although  no  tradeoff  on  overall  inlet 
performance  was  done,  it  seemed  that  the  "shock  on  shoulder" 
condition  required  a  higher  TMI  flow  rate  to  control  the 
separation.  Therefore,  if  an  inlet  is  designed  for  minimizing 
the  TMI  flow  and,  thus,  for  the  cowl  shock  to  nominally 
impinge  either  well  forward  or  aft  of  the  shoulder,  then  the 
slot-to-shoulder  distance  should  be  adjusted  to  keep  the  slot- 
to-shock  impingement  distance  at  5-6h. 

There  are  several  shortcomings  in  this  finding.  First, 
although  the  slot-to-shock  distance  of  5-6h  with  the  shock 
well  forward  of  the  shoulder  was  tested  rather  thoroughly,  the 
slot-to-shoulder  distance  of  5-6h  or  lower  was  never  tested. 
Secondly,  h  was  just  a  convenient  constant  (h=0.20  in)  used  to 
normalize  these  distances  and  may  not,  in  fact,  be  a  factor. 
If  a  different  slot  height  is  chosen,  there  is  no  guarantee 
that  these  optimum  distances  will  be  5-6h.  And  lastly,  the 
optimum  slot-to-shoulder  distance  proposed  here  is  relatively 
short  and  does  not  allow  much  flexibility  or  variation  for 
shock  impingement  position.  Operationally,  this  means  that 
for  a  shorter  there  is  a  higher  probability  that  the  cowl 
shock  will  hit  upstream  of  the  slot,  which  White  claims  is 
ineffective  (23)  and,  therefore,  will  require  a  very 
responsive  cowl  positioning  system. 

The  secondary  objective  of  this  project  was  to  define 
trends  in  the  controlling  mass  injection  rate  (that  required 
to  just  eliminate  separation)  for  various  values  of  slot-to- 
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shoulder  and  slot-to-shock  distances,  boundary  layer 
thickness,  and  cowl  deflection  and  inlet  flow  turning  angles. 
A  controlling  TMI  rate  ratio  (normalized  to  the  captured  inlet 
flow  rate)  was  determined  for  each  condition  by  applying  six 
separate  criteria  to  the  wall  static  pressure,  schlieren 
photo,  and  pitot  pressure  data  and  then  making  calculations 
based  on  the  injection  total  pressure  measurement.  The 
controlling  TMI  rate  was  minimized  when  the  smallest  values  of 
all  the  parameters  stated  above  were  tested  -  namely  L^^i^^lOh, 
L5^^=5h,  iS=h,  and  /9-q=12°.  For  this  case,  the  controlling  TMI 
rate  was  3%  of  the  captured  inlet  flow  rate  and  ranged  up  to 
6%  for  the  other  S,  and  a  values  (6--1.3h  and  ^=q=15°)  at 
the  same  shock  and  shoulder  distances.  These  values  center  on 
the  4.3%  condition  of  matching  freestream  and  jet  static 
pressures.  For  relative  shock  impingement  positions  in  the 
range  of  .15~1.Q2  and  slot-to-shculder  distances  of 
Lj„^>10h,  the  controlling  mass  injection  ratios  were  always 
higher.  In  some  cases,  separation  was  never  totally 
eliminated  even  with  a  mass  injection  ratio  of  30%.  Thus,  the 
slot  location  and  shock  impingement  position  with  respect  to 
the  shoulder  were  extremely  important  factors  in  how  much 
tangential  mass  injection  was  required  to  eliminate 
separation . 

The  test  results  compared  favorably  to  the  theory 
developed  for  the  optimum  slot  location  and  to  other 
experimental  results.  The  theory  presumed  shock  on  the 
shoulder  and  was  based  on  avoiding  Peake's  two  extremes:  wake 
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bursting  and  boundary  layer  reversal  (20:7-8).  The  downstream 
distance  it  took  to  maximize  the  mass  flux  of  the  initial  wake 
between  the  freestream  and  jet  flows  seemed  a  satisfactory 
midpoint  between  the  two  extremes  and  a  good  position  for 
shoulder  placement.  The  superposition  of  streams  concept  by 
Carriere  and  Eichelbrenner  (27)  was  adapted  for  compress¬ 
ibility  and  entrainment.  The  optimum  slot-to-shoulder 
distance  from  this  approach  was  5-65  for  the  given  test 
configuration  and  was  relatively  independent  of  the  TMI  flow 
rate.  This  matched  well  with  the  5-6h  from  the  test  results 
and  Peake's  65  for  slot-to-shock  distance  (20).  The 
controlling  TMI  ratio  range  of  3-6%  for  the  smaller  shock  and 
shoulder  distances  also  agreed  well  with  the  results  of  an 
experiment  by  Ogorodnikov  (22)  and  two  led  by  White  (2,24). 

Recommendations 

Recommendations  are  provided  for  further  research  on  this 
topic  and  for  follow-on  work  based  on  the  present  experimental 
set-up.  Of  course,  the  primary  recommendation  would  be  to 
further  definitize  the  optimal  slot  location.  The  Lj|^p=5-6h 
result  found  in  the  present  experiment  was  somewhat  ambiguous 
for  three  reasons:  the  ideal  shock  impingement  position 
(initially  thought  to  be  the  shoulder)  was  not  determined,  the 
L5^g=5-6h  condition  was  not  actually  tested,  and  the  experiment 
was  performed  for  only  one  flight  Mach  number.  Thus, 
recommendations  l)a.,  l)b.,  3)a.,  and  4)b.  are  perhaps 
slightly  more  worthy  of  consideration. 

106 


1)  More  parametrics 

a.  Try  other  values  of  M, ,  Mj ,  6/c,  and  h/c. 

b.  Probe  the  L5^g/h=2-10  range. 

c.  Extend  the  range  of  shock  positions  to  L5„^/L5„|,=0 . 2- 1 . 5 
and  do  a  more  detailed  survey. 

2)  More  detailed  flow  analyses 

a.  Begin  filling  in  the  experimental  database  on  the 
specific  effect  of  boundary  layer  shape  factor,  K,  on 
the  incipient  separation  point  in  terms  of  Reynolds 
number  based  on  6,  Re^,  and  the  total  flow  turning 
angle  (due  to  ramp  or  incident-reflecting  shock),  a,. 

b.  Modify  the  computer  programs  listed  in  Appendices  D 
and  E  to  assess  other  freestream  and  jet  conditions 
and  to  account  for  changing  stream  growth  rates  with 
varying  TMI  (which  should  be  better  defined  experi¬ 
mentally)  .  Find  a  more  representative  pu  boundary 
condition  for  the  edge  of  the  boundary  layer  (s^)  . 

c.  Improve  the  theoretical  analysis  by  accounting  for  the 
effects  of  turbulence,  convective  Mach  number, 
pressure  mismatch,  boundary  layer  shape  factor,  etc. 
Perform  a  CFD  analysis  based  on  the  work  of  Cebecci 
and  Bradshaw  (41),  Delery  and  Marvin  (15),  and  Schetz, 
et  al  ( 13}  . 

d.  Refine  and  collate  the  incipient  separation  criteria 
to  reduce  the  uncertainty  in  determining  controlling 
mass  injection  rates. 
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3)  Inlet  efficiency  tradeoffs 

a.  Perforin  a  tradeoff  cl  shock  on  shoulder  versus  shock 
off  shoulder  measuring  inlet  efficiency  (total 
pressure  recovery  and  kinetic  energy  efficiency)  and 
controlling  TMI  rate. 

b.  Perform  a  tradeoff  analysis  for  the  case  where  the 
controlling  mass  injection  flow  is  underexpanded; 
determine  whether  the  best  inlet  performance  is 
provided  by  optimum  expansion  of  the  jet  (no  slot  lip 
shock)  or  by  the  controlling  mass  injection  (no 
separation  shock) . 

4)  Further  optimization  of  slot  location 

a.  Determine  the  optimal  and  controlling  TMI  rates 

using  helium  as  the  tangential  mass  injectant  to 
simulate  hydrogen  and  compare  to  the  results  for  air. 

b.  If  the  cowl  is  designed  so  that  its  lip  shock  always 
impinges  aft  of  the  shoulder,  determine  if  an 
injection  slot  placed  at  the  shoulder  and  jet  flow 
tangential  to  the  combustor  body  surface  is  superior 
to  the  present  inlet  geometry  with  TMI  slot  forward  of 
the  shoulder. 

c.  Determine  the  optimal  slot  location  and  optimum  TMI 
flow  rate  for  film  cooling  of  the  shoulder,  fuel 
injection,  and/or  in  combination  with  reducing 
boundary  layer  separation.  Define  trends  for  peak 
inlet-combustor  performance. 

d.  Determine  optimal  slot  location  for  a  given  flight 
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envelope  or  mission  (not  just  a  few  particular  points) 
and  find  the  optimum  TMI  flow  rate  over  the  envelope 
for  a  given 

5)  Pre  X-30  considerations 

a.  Investigate  an  active  cooling  system  for  the  wall/ 
shoulder  for  reducing  separation  and  test  in 
conjunction  with  TMI. 

b.  Prior  to  X-30  final  design,  wind  tunnel  test  an 
automated  cowl  scheduling  system  and  automated  TMI 
plenum  pressure  regulator  interactively  with 
appropriate  sensors  and  under  dynamic  simulated  flight 
conditions . 

c.  Study  the  3-D  effects  of  TMI  for  both  inlet  vane/ 
sidewall  interaction  and  an  axisyrametric  inlet. 

6)  Model/Facility  Enhancements 

a.  Roughen  or  extend  the  front  plate,  round  the  model 
leading  edge,  increase  (p,  decrease  p^^ ,  add  a  trip 
strip,  and/or  a  second  mass  injection  (normal  or 
tangential)  on  the  front  plate  upstream  of  the  primary 
slot  to  obtain  a  thicker  boundary  layer, o,.  Should 
also  assess  the  validity  of  its  profile  shape. 

b.  Build  a  new  aft  wedge  piece  to  test  the  Lj„|,=5h  case 
and  a  new  0.5  in  insert  strip  for  a  more  detailed 
survey. 

c.  Obtain/install  a  static  pressure  probe  to  measure 
pressure  recovery,  pressure  rise,  and  kinetic  energy 
efficiency- 
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Appendix  A 
Separation  Analysis 


A  number  of  experiments  (14,42-46)  have  been  performed  to 
determine  the  compressii  n  corner  angle  for  which  ramp-induced 
separation  of  a  turbulent  boundary  layer  is  first  detected, 
Oj.  Data  from  these  experiments  have  been  correlated  and 
plotted  versus  Reynolds  number  based  on  the  incoming  boundary 
layer  thickness,  Re^,  and  as  a  functioii  of  Mach  number,  M  (see 
Figure  55)  .  Holden  found  that,  given  the  same  Re^  and  M, 
incipient  separation  occurred  at  roughly  the  same  total  flow 
turning  angle  regardless  of  the  mechanism  inducing  the 
separation  -  ramp  or  incident  shock  (14)  as  shown  in  Figure 
56.  The  total  flow  turning  angle  is  a  for  the  ramp  and  2/3  for 
the  incident-reflecting  shock.  Now  the  incipient  wedge  angle, 
/?,,  can  be  cross-plotted  versus  M  for  various  Re,  values  as 
shown  in  Figure  57.  If  the  actual  P  point  fell  above  the 
corresponding  curve,  then  separation  would  be  present  and  its 
distance  from  the  curve  would  be  an  indicator  of  the 
separation  extent.  Similarly,  if  the  point  was  below  the 
curve  there  would  be  no  separation. 

Consider  the  following  example  from  the  present 
experiment: 

P=15°  M=5.76  5, =0.26  in  h=0.20  in 

p,  =  0.0034  Ibyft^  u.  =  3230  ft/s  T,  =  131°R 
Now  for  no  blowing  assume  5,jj=(5,+h  just  before  the  shock  and 
Pib”Pi'  dynamic  viscosity  of  the  air  is  just 
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Figure  55.  Experimental  (Ramp-Induced)  Incipient  Separation  Lirai>'‘  (Ref.  16) 


Separation 


Figure  56,  Boundary  Layer  Separation 
Compression  Ramp,  b)  Incident  Shock  Wave 


Induced 


Figure  57.  Cov^l  Deflection  Angle  for  Incipient 
Separation 


a  function  of  the  temperature  and  was  found  to  be  (,^=3.7x10* 
Ibyft'sec  (47:661).  Then 

r  (5) 

=  l.lxio' 

Mit, 

From  Figure  57,  this  point  lies  above  the  incipient  line  and 
is  thus  in  the  separated  zone.  Mass  injection  does  not  alter 
p,  but  does  affect  and  Re^,b'  Increasing  the  TMI  rate  would 
increase  by  forcing  more  mass  into  the  same  space  and 
increasing  the  flow  velocity.  This  would  move  the  point 
closer  to  the  incipient  line  but  not  nearly  enough. 
Increasing  TMI  also  increases  (see  the  Chapter  II  Stream 

Growth  Rates  section)  which  would  lead  to  higher  values  of 
Re^.,jj.  This  trend  is  in  the  wrong  direction  since  the  higher 
Re^,jj  establishes  a  lower  incipient  separation  curve.  Since 
White,  et  al  have  shown  that  TMI  can  reduce  and  eliminate 
separation  (2),  this  approach  must  be  flawed.  What  Figure  57 
does  not  account  for  is  that  TMI  makes  the  boundary  layer 
profile  fuller  -  reducing  the  shap>e  factor, 


where 


(10) 


(11) 


pu 

Pib^ib 


(12) 
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according  to  Schlichting  (8:354).  Delery  makes  note  that  a 
reduction  in  tends  to  move  the  incipient  separation  curve 
upward,  but  the  exact  influence  was  not  reported  or  varied  in 
the  previous  experiments  (1:264).  Attempts  at  defining  a 
smaller  effective  were  unsuccessful. 

This  analysis  is  limited  to  separation  wholly  forward  or 
aft  of  the  shoulder.  For  the  latter,  new  effective  values  of 
and  must  be  calculated  to  account  for  the 

expansion.  If  the  separation  straddles  the  shoulder  this 
analysis  may  be  invalid  as  the  experimental  data  is  only  for 
a  compression  ramp  or  an  incident  shock  impinging  on  a  flat 
surface.  As  White  observed,  very  little  data  is  available  for 
an  oblique  shock  impinging  at  an  expansion  corner  (2:2). 
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Appendix  B 

Control  Volume  Analysis 


In  order  to  relate  the  separatitn  back  to  the  TMI  rate 
required  to  eliminate  it,  a  control  volume  analysis  was 
considered.  For  a  given  set  of  freestream  and  jet  parameters, 
the  conservation  laws  of  momentum,  mass,  and  energy  can  be 
applied  to  yield  the  and  downstream  of  the  slot  just 
before  the  cowl  shock.  These  could  be  iteratively  fed  back 
into  the  separation  analysis  to  identify  which  jet  total 
pressure,  p^^,  caused  the  incipient  separation  curve  to 
coincide  with  the  actual  p  and  M  point  in  Figure  57.  This 
would  then  yield  the  “controlling"  mass  injection  rate  as 
shown  in  the  Appendix  C  Calculation  of  Intermediate  Variables 
section . 

A  control  volume  is  selected  such  that  the  entrance  plane 
coincides  with  the  slot  exit  and  the  exit  plane  is  just  before 
the  cowl  shock  as  shown  in  Figure  58.  The  control  volume  then 
has  length  The  height  is  chosen  so  that  the  jet  growth 
downstream  of  the  slot  is  totally  contained  by  the  control 
volume.  The  cowl  height  may  be  a  convenient  choice.  The  cowl 
shock  is  ignored  since  only  freestream  conditions  in  front  of 
the  shock  are  desired. 

The  momentum  eauation  can  be  solved  for  o..u..^  bv  makina 
appropriate  assumptions  about  the  momentum  thickness, 0,  of  the 
incoming  boundary  layer  and  jet  profiles,  the  pressure  just 
before  the  shock,  p,jj,  and  the  shear  stress  at  the  wall,  t^. 
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slot 

exit 


shock 

impingement 


Figure  58.  Diagram  of  Control  Volume 


Similarly,  the  continuity  equation  can  be  solved  for  Pn,^,t> 
assuming  a  displacement  thickness,  A*,  for  the  boundary  layer 
and  jet.  Together  these  two  yield  u,^.  The  energy  equation 
can  be  used  to  get  T,(.  with  assumptions  for  the  enthalpy 
thickness,  «S^,  of  the  two  incoming  streams,  the  heat  transfer 
rate,  Q,  and  the  viscous  dissipation,  W.  For  appropriate 
assumptions,  the  texts  of  Schlichting  (8),  Holman  (47),  and 
Schetz  (48)  are  recommended.  Then  for  a  non-reacting  flow. 


‘Mb  “  —  -r-T. 

^1b  y^YRTib 

Obtaining  Reynolds  number  based  on  boundary  layer 
thickness,  is  only  slightly  more  difficult.  The  mass 

flux,  already  derived  from  continuity,  and  the 

dynamic  viscosity,  can  be  determined  as  a  function  of  T,^. 


However,  cannot  be  easily  arrived  at  analytically.  There 
are  actually  two  boundary  layers  present  -  the  original  inlet 
ramp  boundary  layer  and  the  new  one  that  starts  at  the  slot 
exit  and  grows  along  the  stepped  down  wall.  The  appropriate 
one  to  use  is  the  original  one  since  the  new  one  just  affects 
the  shape  factor.  As  shown  in  the  Chapter  II  Stream  Growth 
Rates  section,  the  original  boundary  layer  grows  with  mass 
injection  and  can  be  approximated  given  the  slot  to  shock 
length,  Then  can  be  estimated  as  in  Equation  (9)  . 

To  complete  the  iterative  loop  process,  a  calculation  of 
would  be  required.  From  Equations  (10) -(12)  the  shape 
factor  is  dependent  on  the  velocity  profile  and  mass  flux 
profile  which  can  be  assumed,  measured,  or  computed  with  an 
appropriate  numerical  scheme.  Although  mass  flux  profiles 
were  computed  in  the  Chapter  II  Computer  Results  section,  no 
further  effort  was  made  to  obtain  since  no  data  is 

available  as  to  its  influence  on  incipient  separation. 
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Derivation  of  Mass  Flux  Profiles 


Given:  M,,  Mj,  Tg, ,  T^.,  Pg, ,  ,  6,  c,  h,  v,,  Yj.  R/ 

Goal:  Obtain  equation  for  (pu) {x,y) 

Assumptions ; 

•  compressible,  turbulent,  isentropic,  non-reacting  flow 

•  constant  shape  p  and  u  profiles  for  each  stream 

•  =  constant  with  x 

•  fictitious  Ty's  are  temperature  of  stream  passea  through 

•  6^  =  6 

•  T,(x)  =  T,  and  T^(x)  - 


Figure  59.  Diagram  of  Flow  Parameters  Used  for  Mass  Flux 
Profiles 
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Adapting  Equation  (3)  for  the  entrainment  (Sj)  line 


T  7  -  T  7-4 

=  PiUi[^-4-y^-(i-;J)— '] 

1558/7  0 


7  T,  7  T 

'  f  *  .  *  C  /  •% 


7  49  •‘■1 


=  p,u,[45  ')]  =  p,u,5(  '  ') 


8  T,  15  '  T, 


15  120  T, 


This  mass  flow  expands  downstream  and  is  bounded  by  lines  s, 
and  Sj.  For  x  <  -h/Sj, 


r  T.  y-s?x  T-  y-sjx  7 

r  _i  ( _ i _  )  "(I  -  )  ( _ - _ - _ )  ^dy 

J  T^/^»s,x-S2X  Tyi  6*s,x-S2X 


Letting  y'=y'-S2X,  dy'=dy 


f,  <si*-S2x 


=  p  n  f  _ )^(l-^)( _ YL _ )‘^dv' 

T„,  6+s,x-SjX^  T^,  6*s,x-S2X^  ' 


=  Pe^.C 


"^wl  8(5  +S,X-S2X) 


(y')  ' 


(1-^) - Z - 

^h1  15  (  5 +S,X-S2X)  ' 


(y')  " 


6 ♦s^x -S2^ 


7  49  1'e 

m8L(«)  =  P,u,(5/^s,x-S2X)  (_  +  __) 


.,  ..it,:,  ._,4 


Now  setting  m.,  (x=0)  =  (x)  and  solving  for  (pu) 


(PU)e=( 


15  120 

)  - ^ -Pi^i 


'  '  6^s,X-S2X'  Tej 

15  120  T„i 


The  tenperature  ratio  has  little  effect,  so  simplifying 


(for  x<-_) 
S2 


Similarly, 


{pii).=  ( 


6  +SiX-SjX 


(19) 


(for  x>-_) 


(pu)„=  ( 


S  +h  +  s,x 


)  Pi^i 


(20) 


In  actuality,  a  proper  (pu)^  probably  lies  somewhere  in 
between  the  two  extremes  of  a  constant  edge  mass  flux  and  a 
proportionately  reduced  edge  mass  flux.  It  would  seem  logical 
that  there  would  be  no  discontinuity  in  mass  flux  at  the 
boundary  layer  edge;  however,  for  (pu)g=p,u,  and  the  same  1/7 
power  law  shape,  mass  flow  would  have  to  be  added  to  the 
profile  all  the  way  to  the  bottom  as  shown  in  Figure  60.  Mass 
flow  crossing  s,  could  not  possibly  make  it  down  that  far. 
More  than  likely,  the  boundary  layer  profile  changes  shape  as 
it  expands.  To  keep  the  analysis  simple  a  constant  shape  was 
assumed  using  (pu)j=p,u,  for  the  mass  flux  profile  plots  and 
usXijg  die:  i.educed  edge  inass  flux  [Fguaticns  (19)  and  (2C)  ]  for 
the  optimum  location  figures  as  these  gave  the  best 
representations  respectively.  Optimum  slot  location  did  not 
vary  significantly  using  the  other  boundary  condition. 


128 


Figure  60.  Comparison  of  Edge  Mass  Flux  Boundary  Conditions 


The  jet  centerline  (or  more  precisely,  jet  peak  line 
since  S4'*Sj/2)  mass  flux  is  much  less  ambiguous.  By  the 
conservation  of  mass  a  linear  expansion  of  the  jet  and 
constant  pu  shapes  give 


mjEi(x*0)  =  p,Ujh(^ 


49  T. 

120  t/ 


Wjet(X)  =  PcUcC  (-+SjX-S,X)  (  ♦(i}*S,X)  (-L  +  Jl-Jli)  ] 

JET  \  /  Kc  cl  V  2  J  ^  '  15  12  0  2  ‘  15  120  ■' 


Equating  the  above  two  equations  and  again  ignoring  the 
temperature  ratio  influence 


(21) 
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with  the  edge  and  centerline  mass  fluxes  for  any  x 
station  found,  the  freestream  and  jet  stream  mass  fluxes  at 
any  x,y  location  are  obtained  by  appending  the  y  position 
fraction  (enclosed  in  [  ];. 

Freestream 

(for  x<-h/S2) 


(pu)„,=  (pu)  J^(  — -  - 

r^,  6»S,X-S2X 


1  8 
T.  y-S;,X  7  Tp  y-SpX  7 

-1  ( 1 — t — )  ^  ^  ( 1  -  ^ ^  ] 

r^,  fi-SiX-S^X  i+S^X-SjX 


(for  x>-h/s,) 


(pu)ti.=  (pu)J 


^  (  — ^1*2 — )  ^  -.  ( 1  -  If )  (  — ^  ] 

t/  6  *h*s,x'  6+h*s,x  ^ 


Jet  Stream 


[top  -  between  and  Sj) 


T,.  s.x-y  4  T,  s^x-y  % 

(PU)jet-  .i-.i-)^(l-^)(  L.i-  )^j 


T  h 

_’S,x-s,  X 
2  ^  '• 


"^“2  l2+s,x-s,x 


(bottom  -  between  y=-h  and  s. 


(pu)j,,=  (pu),[  '• 

“  4r*S,X 


yh  ,7. 


"  _-^s,x 


where  (pu)^,  (pu)^,  T^, ,  and  have  previously  been  defined  in 
Equations  (14)-(21).  Finally,  the  net  mass  flux  is 


(pu)  (x,y)  =  (pu)BL  +  (ph)jET 
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Appendix  D 


Program  Listing  for  MASS  FLUX  PROFILES 


As  written,  rhis  GW  BASIC  program  will  create  an  array  in 
the  file  CASEl.DAl  of  six  mass  flux  profiles  for  the  5=0.26  in 
case.  To  generate  the  profiles  for  the  6=0.20  in  case  the 
following  changes  must  be  made: 


130  P01=500 

190  D=C.20 

480  OPEN  "O", #1, "A:CASE2 .DAT" 

The  0.3  value  in  lines  526  and  960  can  also  be  modified  to 
give  different  close-up  factors. 


riiioD  i'LUa  M  :l>  i  ui_5  l-  i  ':u6i  Llbirii'iG 

1  '.•«.>  KEf' 

IIU  Kt.ri  INKUlb 

ll'U  KLM 

1- 0  H '.I  I 

1 4i_i  1 1.1  ;  =  i  '.n.i(> 

i  t,0  I11=tj./b 

1  6t.i  f-'j  J  — cj 

1  ’'-i 

Ido 

1  Li  -  .  d  o 

d'.".'  H-.d 

d'.ib  d’Hi'i  1  =  1.4 

2- ../  01-1^14  =  1.  H 

..0'4  r\  =  dr-.  j4 

2  1  >.l  TW^/i.h.1 

dd'.i  KEM 

22'..  SI  = 

dti.'  dd=  -.07 

2ti'.'  S2=.‘.i7 

da'.i  S4=.<.>1 

2  7 1.1  REM 
db'.i  Y=o 

2"V0  Rc-M 

-•'.lO  KEM  CALCULATE  1  N  TeRmEDI  ATE  VAK  i  AE'L.ES 

210  KEM 

220  r  1  =  I  ol  /  ( 1  +  <GAI11-1  )  /2*M  1  2 

220  1J  =  I  oJ/ (  i-*- iGAMJ-i  ) /C^MJ  2) 

,  41.1  r  1=1 '01  /  <  1  +  (GAMl  -  1  ) /E*!'!  1  d  )  <CAl'll  /  C  CAlIl  -  i  J  ) 

2iO  PJ=(-oJ/  (  14  <GAMJ-1  ) /2*MJ  lo  (GAinj  /  i,GAMJ-l)  i 

.  bO  OH(jl  =  144*Pl/R/Tl 

2/0  RHGj  =  144*-KJ/R/TJ 

.  di.i  u  1  =M  1 »  ( Gam  1  *  ..2 .  1  7»i\ I  I  1  .  d 

SR*.'  uJ  =MJ  *  1chMJ*22.  1  /»K»  VJ  )  '  .  d 

4'.i0  kEM 

4io  KEf’!  ASSUnR  1  i uub 

4  2'.'  REr-i 

42o  1E  =  '!'1 

4  41.1  I  L  =  I  0 

49o  KEM 

di.'O  HEM  CONSERVA  rRIOM  OF  MASS  ANALYSIS 

510  KEM 

51b  DIM  KU I (6) 

Slv  UkEN  “0"  ,  «1  ,  "A:  CASEl .  DAI '• 

Tj2o  fur  Y  =  — H  fO  D+d*Sl  SI  Eh  .04 

525  FDR  XU=0  TO  5 

V  =  ..  V 

— 

520  F\Epi 
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I- Kthb  1  KLi-il'l  i'lUULU. 


Ki£H 

-“-i  IF  b':j*X  TiitN  /lu 
Ih  V  Li'^bi«X  Iritl'l  /4.I 

II-  .<  -H/Sb'  1  HEK  tJb'.i 

^  II-  X  H/J/  i&T-SI)  THEN  O'.ii.i 

‘  W 1  -  TC /■  (  rc /  '  Iv-*-  i  1  -  rC ,  Frt  j  »  I  k  ET.-E,’."  ;  A  /  1 1  !.■  E-^5  7" 
wVi.i  GQTlj  o  1  >.i 

'Wl~lC/kTu/1W— \i  —  ii-i-i-b*_i*'.*//IH/'Ei'b4fXyjJ 

Gi'.i  Ktr"! 

o„i.)  »  hUi=  (  y-bE'*X  )  /  V  b-^S  i  *<  X-bE»  ^  ; 

tl'.'..  PkOF=  I  E/Twl  •■VPub  (  1  x fk  1 -TE/TWI  -  *  I'l-l'jo  iH//; 

o-«0  KUcL  =  .-k:i  IGl  ♦ul  *(-KUI-' 

ob'.i  GGIU 

ac‘.'  i-kt.'i. 

o7<.i  TuJl=Tw 

Oci'.i  k  y-^H  )  /  (  D-i-M-f  b  1  •  X  ) 

cSii.i  P  kl)!- =T  t  /  Tw  1  *■  y  FliS  k  1  /  .' j i  i  -  i  t  /  tw  i  ;  *  y  F  uS  ka.-/;' 

■ 1  lUE  L- -KHO  I  1  KUl  ' 

7  1 '.I  Gu  i'Cj  7bo 

'"-'.I  i-UL’i-- i.i 

7. 'a.,  uUTl  7G>.i 

i-kUbL  =  1 Ikj  1  »U I 


E  r  TT  X  —  a  4  »  .\  )  j  ) 


7b'.i 

(  / 

KLlf’l 

J  L"  T  a  Tl  karii'I  I'lULaa 

f  i'Zi 

iF 

y  b..»X  I'htiM  9  lb 

lid. 

i!- 

y  b4»x-H/,^  Then  da 

/Bo 

iF 

A  -N/bl.  IHEiJ  bl'.i 

rii‘JJ  =  TE/klE/  !W+ti— la/IW/*'.  kS-~b-,') 
Ubl'U  bO-.i 

»X/ 

(_)  1 1.' 

3''v 

i  U. 

H-n 

-■Aic_  /  (  lE/IW-i-kl-iL/  TW)  »k  kb7»A-'-H)  /■  k 

1  x-  X  J  >  > 

b'-w 

3“*j 

-  1  OP  .  (iPI 

rT'Ua—  (bOx-X  —  >0  /  kil/E9-Ia7'"A“b*^A‘X  ) 

bw'.* 

M  /  I  1 

ub 

P  KOi-  =1  C  /  T WO •  y  P  OS  k  1  /  7  )  ^-  k  1  -  T  C  /  rn,'0 
I'lUJ L.  r  =K'HQJ  AUJ  *1-1/  ( H*b  7  »  X  >  Ai'  1  kkjl' 
GOTO  97.1.I 

)*■Y^  ub 

(- 

83o 

ivL."’! 

—  L'OTTUM  Pviik'T 

E Vi.i  y Pub—  <y+H)  /  (H/L''*’o4«X) 

9i.i0  PRUF-TC/TW*YFQb  (  I  /  7  )  ♦  ■.  1  -  T  C/ "I  W  )  »  y  I- Ob  (a/7) 

V  10  HUJ  ET=KH0J  *UJ  ‘H/  (H+b“  •  A  )  » ;  TkuP 

^  I M.'  GOT  U  9 

Vlt(  rXUJET-w 

9b'.>  I- Eh 

■I  Jn  Kt'n  bUPGixPOS  I  T  luN  UE  rwu  bTlkLal'Ib 

941,1  PEfl 

I^U-l^UbL.+8uJET 

9  a'.'  KUl  k  XE  ;  =  .  .■*F\U/f\HGl  /  Li  1  -*  X 

VoS  ,^tx  I  xC 

9  /I.i  WPl  (  E  H  1  ,  y  ,K'  I  r  (1.1)  ,KUT  (  I  )  ,  iiUT  kb)  ,  IvU  I  (7.)  ,  I'kU  r  k4  )  ,  UUT  ki) 

90"  NEXi  y 
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Appendix  E 


Program  Listing  for  OPTIMAL  SLOT  LOCATION 


As  written,  this  GW  BASIC  program  will  create  an  array  in 
the  file  CASE6.DAT  of  optimum  L^^^g  values  over  a  range  of 
controlling  mass  injection  ratios  for  the  <5=0.20  in  case.  To 
generate  the  file  for  the  6=0.26  in  case  the  following  changes 
must  be  made: 

110  P01=200 

190  0=0.26 

480  OPEN  "O",#!, "A: CASES. DAT" 

515  FOR  P0J=0  TO  20  STEP  4 
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•  .  ■  .-i  •;  ,V.'. 


1/  Lf 


Up  lil'ir.L  ijl.U  I  L’UL.,  1  I  1  Ul'-l  hl-\UbKHI'l  LlS'  INb 


INI-Uri 


1  '0 1  -“S'jO 
1  ij  i  -  1 
n  L  -  5. 76 
"i  '.‘J j  T  O 
PJ-3 
2 

H~ .  2 
C=2 

uA.-l  1  ^  i  .  4 
2A1-1J-1 . 4 
r\ --tj  _  -  -_-4 
I  i";  --700 

SI'-.  7 

62-  -.<-'7 
S  7  -  .  1  j  7 

64  =  .  i.>l 


Ktl'i 

PSM  CALCULATE  iNTEAPEDIATE  VARIABLES 

RCn 

T1=T01/  <  I  f  \GAi11-l  )  /  2«r-ll  2) 

TJ--TOJ/  (  H  (GAr-iJ-i)  /2*r-iJ  2; 

f.  =F-Ol  /  (  1  r  (CAlU -1  ) /2*I-!I  2)  (SAP  1  /  (GAr-l  J  -  :  )  ) 

K:  lO  i  =  i  ‘fA-*  P'  I  /R/  T  1 
U1  ••  (GAP!  *72.  I7«t' «  Vl  )  .  S 

UJ--MJ*  iGAMJ*72.  17*R»TJ)  .  S 

I'li'.Ai-  ::R;PIO  1  »U  I  •  C  /  12 

ivCri 

P<LM  ASSUMFTIQnG 

Rt>i 

TE^=Tl 
TC  =  TJ 

Rtll 

REP  OPtNliNlS  UUTt  UT  TILL 

RCt-l 

GPEP  ''O-  ,  in  ,  "A:CA'2Cci.  DAT  ' 

REP 

RCI-I  C0N3ERVATRIUN  OF  PASS  ANALYSIS 

REP 

P  OK  PQJ---0  TO  50  STEP  10 

PJ=r-OJ/  ( 14  (GAPJ-1 )  /2»PJ  2)  (CAPJ/  (GAPJ-U  ) 
RHCJ=-144*F  J/R/TJ 
MTPl=RHuJ ►UJ*H/ 12 
RU0LD=0 
X  =  .  I 

Fvc.P 


-  ^  f., 


i-fVLuSl  REr'iM  MODEL 


O-l.;..  t,£M 
V-Oj  LlM 

OE*.  IK  Y  D  +  01»X  THLN  y-W‘ 

"5‘i  ir  y  a:>x  then  7oo 

'jcj'.'  ir  X  ■  — n/yo  Then  cjciO 

a*''.*  IF  X  H  -  H/  t  F:>*1 00 )  IHtJJ 

T-'L'.i  TW  1  '-TO/  (  TC  /  TW ■•■  I  1  --Til  /  TN  j  V  (  S7 -  S2  X  /  V  h,' i-O  -’■*  X  -  04  » X  j  j  ; 

Tj-'O  UO  I  0  Ol'.i 

lO'  I  TW  I  -  TLV  (  rC/ 1  (  1  -TO  /  I  W  ,  «  i  <  .-4  I  00  •  X  )  /  I H  /  0+04  •  A  )  j  ) 

tii"  IVlTi 

■j_' vr  u-  -iy-'02«a>/(u+'_)1  +  a-l  .1''..' 

w  .-'J  F- iaLF  -1  t.  / 'l  N  1  "  Y  T■□0  il/Vt  ^  A  -  TE/ '.'w  1  ^  f  r  L)o  vU/I; 

.-tjL''_  Fx:  iu  1  “L  i  •  b/ I D  <•  ii  1  •  X  -  0  0  *  A  ;  » j' ■F^|J^' 

;  0'.'  GOTO  70'T 

oc,-i  iL.'i 

.  .  ■  Vi  00-  I  Ir  ^F  i ;  /  ( b  '  Fi  -  0  1  »  A  A 

ti4.;,  r-ixUK  -TE/'TU*fl  uS  (1/7  / +  il  -  TL/TW  /  •  YPG5  '  (8/7) 

7'-".i  I'Ubu  =i-.r-iG  1  »U1  »  0/ (b  +  i  I '0  1  >  A  /  If  i-.CF 

7i'.  8o.0  700 

'I  I  Ix_L'L  ->.) 

7  7.0  on  TO  700 

■^4  0  r\L‘b_  +  lxHOl +  U1 

VO'./  K£M 

0.1.-  FxLT-1  JETSTREAM  .MODEL 

770  PEM 

7 7  0  IK  Y  3 r  '  X  T hEN  9  1  3 

778  IK  V  S4+A-H/0  Ti-iEI-J  830* 

78'.)  IK  X  -11/ SO  THEN  aiT' 

797-  TnO=TE/ (TE/TW+il—TE/Iw;* ( (SO-SO) *\ / (D+Sl+X-SO+X) ) ) 

oij'ii  uu  ro  800 

8  1  i.i  T  N  O'  -  E  /  (  T  C  /  1  W  •  (  1  —  T  L  /  T  N )  •  (  1 3  0  «  x  ♦  H )  /  i  D  +  r1  +  3  1 »  X  )  )  ) 

SOX'  IxEM 

uOi  I'EM  TOE  F'AFiT  uE  JET 

S:..-  FvEri 

U‘f  -  Y(='D3-  ( SO- •  X  -  V  )  /  ( M  /  O  +  S'O »  A  -  34  •  X  ) 

O'O  1  K  ROF-TE/ TwO*  YK'DS  (  1  /  7  )  +  (  1 -TC/ TixlO )  *  Vk  03  (B/7) 

hcj'.'  huJET-FvHOJ»UJ  »M/ 0/  ( H/O  +  SO*  X -54  •  A  )  »t- huE 

O'-’-.i  GOTO  90<.> 

t-.U'/  kCi'I 

.■X.3  .  0  l  i  BuTTuci  EhExT  OE  JE  i 

i.'86  REM 

Jv'-..  YE  GG  -  (  V  f-H)  /  (.‘•i/0  +  54#  X  ) 

900  l-rxOK  =TC/T(4»yE05  (  1/7)  ♦  (  1 -TC/Tn)  «  YKGb  (8/7/ 

‘7  1  f.i  F. U J E  r  —  Ex.HO J  #UJ#H/0/  (Fl/0  +  3'F»A-  ■K'ROE 

912  GOTO  90-.- 

915  FVLJtr  =  0 

90>:>  KEM 

97‘T  ExEKI  SUf  EEE  05  I  T  1  On  IJE  TnO  STrxEAf'lS 

940  FxEM 

9511)  HU -KUBL +(xUJET 

960  It-  hUOlD  HU  THLN  lO'.'O 

‘/'7i.i  F4U0LD  =  »xU 

9L11.'  X-X  +  .Ol 

9Vi..  GO  I  Q  530 
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Appendix  F 


Schlieren  Photographs 


Schlieren  photos  were  taken  for  most  of  the  test,  runs 
and,  occasionally,  for  several  different  injection  pressure 
settings  during  the  same  run.  The  schlieren  photos  for  Runs 
26.  27,  and  two  for  32  appear  in  the  main  text  as  Figures  37, 
38,  45,  and  46,  respectively.  Also  note  that  the  photos  for 
Runs  56-61  are  inserted  after  the  runs  they  were  repeated  for 
just  as  the  data  in  the  remaining  appendices  are.  In  all 
cases,  the  freestream  and  TMI  flow.s  are  from  right  to  left. 
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Figure  61.  Schlieren  Photo  of  Initial  TMI  Jet  Checkout  at 
p^i=Opsia,  38  psia 


Figure  62.  Schlieren  Photo  of  TMI  Jet  Checkout  at  p^,-  0  psia, 
Poj”  psia  After  WI  Corners  Welded  &  TMI  Supply  Lina  Enlarged 
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Figure  68.  Run  10  Schlieren  Photo  with  Pjjj=  0  psia 
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Figure  71.  Run  13  Schlieren  Photo  with  p^.=  25  psia 


Figure  72.  Run  14  Schlieren  Photo  with  45  psia 
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Figure  73.  Run  15  Schlieren  Photo  with  pp-=  10  psia 
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Figure  78.  Run  20  Schlieren  Photo  with  10  psia 


Figure  79.  Run  56  Schlieren  Photo  with  p^p  32  psia 

147 


Figure  82.  Run  22  Schlieren  Photo  with  0  psia 


Figure  83.  Run  22  Schlieren  Photo  with  p^^j- 10  psia 
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Figure  88 


Figure  91.  Run  30  Schlieren  Photo  with  0  psia 


Figure  92. 


Run  30  Schlieren  Photo  with  pgj=  12  psia 


154 


166 


Figure  98.  Run  35  Schl  leren  Photo  with  15  psia 


Figure  99.  Run  37  Schlieren  Photo  with  p^j=  2  3  psia 
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Figure  102.  Run  40  Schlieren  Photo  with 


Figure  103.  Run  41  Schlieren  Photo  with  26  psia 
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Appendix  G 


C/L  Static  Pressure  Distribution  Plots 

These  plots  show  the  wall  static  pressure  along  the 
centerline  of  the  model  from  the  slot  exit  (x=12  in)  to  about 
1.5  in  aft  of  the  shoulder.  This  length  varied  depending  on 
the  number  of  inserts  in  the  model.  The  position  of  the 
shoulder  is  designated  by  SHR.  Two  plots  were  generated  for 
a  particular  run  when  more  than  five  TMI  pressure  curves  were 
desired.  One  should  note  that  PTMI  is  equivalent  to  p^^. ,  Also 
note  that  single  curve  plots  of  C/L  static  pressure  for  Runs 
3,  5,  8,  10,  and  14  appeared  in  Figures  27,  28,  29,  30,  and 
31;  while  multiple  curve  plots  for  Runs  19,  35,  and  32  were 
shown  in  Figures  42,  43,  and  44. 
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Figure  113.  Run  17  C/L  Static  Pressure  Distributions 
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Figure  115.  Run  20  C/h  Static  Pressure  Distributions 


Figure  116.  Run  56  C/L  static  Pressure  Distributions 
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Figure  117.  Run  21  C/L  Static  Pressure  Distributions 
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CENTLRLINE:  static  pressure  IpsLo 
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Figure  122.  Run  25  C/L  static  Pressure  Distributions 
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CENTCRLINE  STRTJC  PRCSSURC  (psLol 


Figure  124.  Run  28  C/L  Static  Pressure  Distribs.  for 
psia 
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CCNTERLINE  STATIC  PRCSSURE  (psLa 
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Figure  130.  Run  30  C/L  Static  Pressure  Distribs.  for  p  =18-24 
psia 
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Figure  133.  Run  60  c/L  Static  Pressure  Distributions 
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Figure  136.  Run  61  C/L  Static  Pressure  Distribs.  for 
psia 
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CENTCRLINE  STATIC  PRESSURE  (psto) 
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CCNTCRLINE:  static  pressure  Ipsua) 


Figure  141.  Run  37  C/L  Static  Pressure  Distributions 
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Figure  142.  Run  38  C/L  Static  Pressure  Distributions 
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Figure  144.  Run  40  C/L  Static  P 
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Figure  151.  Run  54  C/L  Static  Pressure  Distributions 
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Figure  152.  Run  45  C/L  Static  Pressure  Distributions 
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Pitot  Pressure  Profile  Plots 


These  plots  were  generated  from  vertical  surveys  at  the 
model  centerline  (Y=0  in)  with  a  traversing  probe  sensing 
pitot  pressure.  Pitot  pressure  is  defined  as  the  total 
pressure  behina  a  normal  shock  generated  by  the  probe  tip 
(assuming  the  measured  flow  is  supersonic) .  Pitot  pressure 
profiles  for  Runs  3  (Poj=  9  psia)  ,  4,  and  3  {X=11.8  in) 
appeared  in  the  main  text  as  Figures  22,  23,  and  24, 
respectively.  Also  up  front  are  plots  for  Runs  9,  11,  and  12 
in  Figure  33;  Runs  10,  13,  and  14  in  Figure  34;  and  Runs  51 
and  52  in  Figure  35. 
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Figure  155.  Run  8  Pitot  Pressure  Profile  at  X=12.1  in, 
4  6  psia 
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Figure  156.  Run  15  Pitot  Pressure  Profile  at  X®!?.!  in, 
p„j=  0  psia 


213 

3 


TOTFIL  pressure;  fpcuol 


Figure  157.  Run  16  Pitot  Pressure  Profile  at  X-17.3  in 
Poj*  0  psia 
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TOTRL  PRESSURE  Ipsvo) 


Figure  159.  Run  18  Pitot  Pressure  Profile  at  X  =  15  in, 
Poj“  0  psia 
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Figure  161.  Run  20  Pitot  Pressure  Profile  at  X  *  15  in, 
Poj“  0  psia 
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Figure  166.  Run  24  Pitot  Pressure  Profile  at  X  =  13  in, 
Poj“  0  Psia 


Figure  167.  Run  25  Pitot  Pressure  Profile  at  X 
Poj=  18  psia 


Figure  170.  Run  27  Pitot  Pressure  Profile  at  X 
Ppj-  23  psia 
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Figure  171.  Run  28  Pitot  Pressure  Profile 
0  psia 
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Figure  173.  Run  58  Pitot  Pressure  Profile  at  X  =  14.2  in, 
p^j=  7.6  psia 
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Figure  175. 
Ppj=  0  psia 
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Run  30  Pitot  Pressure  Profile  at  X  =  13  in, 
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Figure  178,  Run  59  Pitot  Pressure  Profile  at  X  =  12.9  in, 
8.6  psia 
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Figure  179.  Run  31  Pitot  Pressure  Profile  at  X  =  13  in. 
Poj“  15  psia 
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Run  61  Pitot  Pressure  Profile  at  X  =  13.5  in 


Figure  164.  Run  61  Pitot  Pressure  Profile  at  X=13.5  in 
*  10  psia 
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Figure  189.  Run  41  Pitot  Pressure  Profile  at  X  =  14.5  in, 

Poj“  27  psia 
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Figure  191.  Run  44  Pitot  Pressure  Profile  at  X 
p  24  psia 
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Figure  194.  Run  51  Pitot  Pressure  Profile  at  X  =  10.5  in, 
Poj“  0  Psia 
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Figure  196.  Run  53  Pitot  Pressur*  Profile  at  X*  11.5  in, 
0  psia 
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Figure  197.  Run  53  Pitot  Pressure  Profile  at  X  =  14  in 
Poj=  0  Psia 
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Pitot  Pressure  vs  TMI  Pressure  Plots 

These  graphs  were  created  by  positioning  the  pitot 
pressure  probe  tip  in  the  separation  bubble/ irapingeinent  zone 
just  off  the  surface  while  incrementally  increasing  the  TMI 
pressure.  The  plot  for  Run  58  is  displayed  in  the  main  text 
in  Figure  47. 
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Figure  201.  Run  16  Pitot  Pressure  vs.  TMI  Pressure 
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Figure  202. 


Run  17  Pitot  Pressure  vs.  TMI  Pressure 
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Figure  207.  Run  57  Pitot  Pressure  vs.  TMl  Pressure 
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Figure  209.  Run  60  Pitot  Pressure  vs.  TMI  Pressure 
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Figure  210.  Run  61  Pitot  Pressure  vs.  TMI  Pressure 
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Figure  211.  Run  62  Pitot  Pressure  vs.  TMI  P 
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Figure  213-  Run  54  Pitot  Pressure  vs.  TMI  Pressure 
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Figure  214.  Run  55  Pitot  Pressure  vs.  TMI  Pressure 


272 


Vita 


Richard  J.  Kacik  was  born  on  11  August  1962  in 
Morgantown,  West  Virginia,  the  son  of  Robert  and  Anna  Mae 
Kacik.  He  graduated  suroma  euro  laude  from  West  Virginia 
University  in  1984  with  a  Bachelor  of  Science  degree  in 
Aerospace  Engineering.  After  graduation,  he  entered  the  Air 
Force  Officer  Training  School  at  Lackland  AFB  TX  and,  upon 
completion,  was  commissioned  a  Second  Lieutenant  in  the  USAF. 

His  first  assignment  was  to  the  Milstar  Joint  Program 
Office  at  HQ  Space  Systems  Division,  Los  Angeles  AFB  CA.  He 
was  responsible  for  the  acquisition  management  of  the  command 
and  telemetry  software  for  the  Mission  Control  Element  used  to 
control  the  Milstar  satellite  constellation.  Additionally,  he 
had  systems  engineering  responsibility  for  command,  telemetry, 
and  satellite  interface  areas.  Later,  he  also  assumed 
rc.sponsifail  ity  for  the  development  of  the  Milstar  System 
Simulator  to  be  used  for  test  and  training. 

Capt  Kacik  entered  the  Air  Force  Institute  of  Technology 
in  May  1989  specializing  in  hypersonic  aerodynamics  and  air- 
breathing  propulsion.  After  completion  of  coursework,  he  was 
assigned  as  lead  engineer  on  the  COMBAT  EDGE  program  at  HQ 
Human  Systems  Division,  Brooks  AFB  TX. 

Current  Address:  4406  Lakeway 

San  Antonio,  TX  78244 

Permanent  Address:  115  Brookhaven  Rd 

Morgantown,  26505 


273 


REPORT  DOCUMENTATION  PAGE 

form  Approved 

0MB  No  0704  0188 

O'jOI'c  Dw'a#''  ‘■'If  cii^cTon  of  a  to  J*e'»qe  *  **o\jf  nt'udinq  th«  ^of  r^vipwinq  mstrijiuoni.  v^jrcninq  tinting  dJta  «)uf<w 

jn<j  ■^4.1'td'n-nq  datt  and  cOfT'D<«<inq  and  f»vi»v»inc}  tre  ..cllwtion  Ol  nfonvuiion  Snnd  cO^'Wentl  rtga'dinq  thi»  burden  eitifna't  or  an*  other  tsofCi  0<  .hii 

oiieitiqn  jf  nt  if*rat  cn  nt  uO'nq  iiigy«tion»  ’or  ••doting  thn  oiifoen  to  Washington  H^abajarter*  Vfvn.es.  Oiretiorate  for  information  Operittons  and  «eoorts.  W  t  i  JeWerscn 
Oa»•sH.q^AaT  Sv.  te  ’^Oa  A.'i.nqtcn.  /A  !J202-4^O2  and  to  th*  Office  q»  Management  ano  Sodge'  Paperwork  Reduction  Pfcievt  (0/04-0 ’98)  Wash'figton  DC  /O'O- 

1.  AGENCY  USE  ONLY  (Leav«  biink)  2.  REPORT  DATE  3.  REPORT  TYPE  AND  OATES  COVERED 

December  1991  Master’s  Thesis 

4.  TITLE  AND  SUBTITLE 

Optimization  of  Tangential  Mass  Injection  for 

Minimizing  Flow  Separation  in  a  Scramjet  Inlet 

5.  FUNDING  NUMBERS 

6.  AUTHOR(S) 

Richard  J.  Kacik,  Ci^t,  USAF 

7  performing  organization  NAME(S)  and  AOORESStES) 

Air  Force  Institute  of  Technology 

Wright-Patterson  AFB  OH  45433-6383 

S.  PERFORMING  ORGANIZATION 

RtPUHi  NUMBER 

AFIT/GAE/ENY/9 1 D-2 

9  SPONSORING.  MONITORING  AGENCY  NmME(S)  AND  AODRESS(ES) 

Donald  Stava 

Wright  Laboratory,  Flight  Dynamics  Ehiectorate  (WL/FIMM) 
Wright-Patterson  AFB  OH  45433-6533 

10.  SPONSORING /MONITORING 

AGENCY  REPORT  NUMBER 

_ 

12*.  DISTRIBUTION  AVAILABILIT'-  STATEMENT 

Approved  for  public  iclease;  distri'Duiion  unlimited 

12b.  DISTRIBUTION  CODE 

13.  ABSTRACT  200  words) 

The  interaaion  of  a  shock  wave  with  a  boundary  layer  often  results  in  its  separation  from  the 
surface.  In  a  scramjet  inlet,  a  cowl  lip  shock  may  cause  such  flow  separation  near  the  shoulder  (the 
comer  between  the  forebody  and  combustor),  potentially  leading  to  reduced  engine  efficiency,  inlet 
unstait,  or  even  flameout.  Recent  proof-of-concept  tests  have  demonstrated  that  tangential  mass 
injection  (TMI)  upstream  of  the  shock  is  effective  in  eliminating  this  separation.  The  objective  of 
this  investigation  was  to  optimize  the  TMI  slot  location  and  other  inlet  geometric  factors  by 
detennining  the  conditions  whicli  minimized  the  controlling  TMI  flow  rate  (that  required  to  just 
eliminate  separation).  Experimental  tests  were  conducted  with  an  uilet  freesueam  Mach  number  of 

6  and  a.i  injection  Mach  number  of  3  while  varying  such  parameters  as  boundaiy  layer  thickness, 
cowl  deflection  and  shoulder  flow  mining  angles,  distance  firnin  slot  to  cowl  shock  impingement,  and 
slot  to-shoulder  distance.  The  controlling  I'M!  rate  was  minimized  at  3%  of  the  captured  inlet  flow 
rate  when  the  smallest  values  of  the  above  parameters  were  tested.  The  optimum  distance  for  the  slot 
to  be  upstream  of  the  slioulder  was  below  the  nuige  tested,  but  h  was  estimated  to  be  5-6  slot  heights. 

14.  SUBJECT  TERMS 

Scramjet  Inlet  Hypersonic  Diffuser  Jet  Mixing  Flow 

SlK>ck-Viacous  Interaction  Flow  S^Nuation  Boundaiy  Layer  Control 
Secondary  Iniection  Tatuential  Mau  Iniection  Ootimal  Slot  Location 

IS.  NUMBER  OF  PAGES 

292 

It.  PRICE  COOE 

17.  SECURITY  CLASSIFICATION  I  IS.  SECURiTV  CLASSIFICATION 

OF  REPORT  1  OF  THIS  PAGE 

Unclassifted  |  Unclassffied 

19.  SECURITY  CLASSIFICATION 

OF  abstract 

Unclassified 

20.  LIMITATION  OF  ABSTRACT 

UL 

%SN  7540-0 1-280-5500  Standard  Form  298  (Rev  2-69) 


PreKritwd  by  ANSI  Std 
iw.ioi 


